1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Risk Anal. Author manuscript; available in PMC 2021 February 20.

-, HHS Public Access
«

Published in final edited form as:
Risk Anal. 2013 April ; 33(4): 544-605. d0i:10.1111/j.1539-6924.2012.01864.X.

Expert Review on Poliovirus Immunity and Transmission

Radboud J. Duintjer Tebbens?, Mark A. Pallansch?, Konstantin M. Chumakov3, Neal A.
Halsey#, Tapani Hovi®, Philip D. Minor8, John F. Modlin’, Peter A. Patriarca®, Roland W.
Sutterd, Peter F. Wright10, Steven G.F. Wassilak!1, Stephen L. Cochill, Jong-Hoon Kim1,
Kimberly M. Thompsonl

LKid Risk, Inc., P.O. Box 590129, Newton, MA 02459, USA 2National Center for Immunization
and Respiratory Diseases, Division of Viral Diseases, Centers for Disease Control and
Prevention, Atlanta, GA, 30333, USA 3Center for Biologics Evaluation and Research, Food and
Drug Administration, Rockville, MD 20852, USA “#Department of International Health, Johns
Hopkins Bloomberg School of Public Health, 615 N. Wolfe St, Baltimore MD 21205, USA
5National Institute for Health and Welfare (THL), Helsinki, Finland ®-National Institute of Biological
Standards and Control, Health Protection Agency, South Mimms, Potters Bar, Hertfordshire, EN6
3QG, UK "-Dartmouth-Hitchcock Medical Center, Lebanon, NH 03756, USA & Biologics
Consulting Group, Inc., Bethesda, MD 20814, USA °Polio Eradication Initiative, World Health
Organization, Geneva, Switzerland 1°-Dartmouth-Hitchcock Medical Center, Lebanon, NH 03756,
USA 1-Centers for Disease Control and Prevention, Center for Global Health, Global
Immunization Division, Atlanta, GA, 30333

Abstract

Successfully managing risks to achieve wild polioviruses (WPV) eradication and address the
complexities of oral poliovirus vaccine (OPV) cessation to stop all cases of paralytic poliomyelitis
depends strongly on our collective understanding of poliovirus immunity and transmission. With
increased shifting from OPV to inactivated poliovirus vaccine (IPV), numerous risk management
choices motivate the need to understand the trade-offs and uncertainties and to develop models to
help inform decisions. The US Centers for Disease Control and Prevention hosted a meeting of
international experts in April 2010 to review the available literature relevant to poliovirus
immunity and transmission. This expert review evaluates 66 OPV challenge studies and other
evidence to support the development of quantitative models of poliovirus transmission and
potential outbreaks. This review focuses on characterization of immunity as a function of exposure
history in terms of susceptibility to excretion, duration of excretion, and concentration of excreted
virus. We also discuss the evidence of waning of host immunity to poliovirus transmission, the
relationship between the concentration of poliovirus excreted and infectiousness, the importance
of different transmission routes, and the differences in transmissibility between OPV and WPV.
We discuss the limitations of the available evidence for use in polio risk models, and conclude that
despite the relatively large number of studies on immunity, very limited data exist to directly
support quantification of model inputs related to transmission. Given the limitations in the
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evidence, we identify the need for expert input to derive quantitative model inputs from the
existing data.

Keywords

polio eradication; risk management; dynamic modeling

INTRODUCTION

Following the 1988 World Health Assembly resolution to eradicate wild polioviruses
(WPVs),() the Global Polio Eradication Initiative successfully eradicated type 2 wild
polioviruses (WPV2) and made significant progress towards eradication of types 1 and 3
(WPV1 and WPV3).( Completing the last phases of polio eradication requires aggressive
efforts to vaccinate people in the remaining reservoirs of WPV transmission, control and
prevent outbreaks of WPVs and circulating vaccine-derived polioviruses (cVDPVS) in
previously polio-free areas, and maintain high-quality surveillance to certify WPV
eradication. Due to cases of poliomyelitis caused by cVDPVs and vaccine-associated
paralytic polio (VAPP), ending all poliomyelitis caused by poliovirus will require cessation
of the live, attenuated oral poliovirus vaccine (OPV) use after WPV eradication.( 3 A large
number of complex policy decisions to manage risks before WPV eradication®) and
beyond(®: 6) motivate the use of models to understand the trade-offs between alternatives and
quantify the impact of different assumptions on outcomes. Dynamic infection transmission
models combined with probabilistic risk analyses can provide projections of disease burden
anticipated with different courses of action.(7-10) These projections represent critical inputs
to health economic analyses, (11 such as cost-effectiveness analyses and benefit-cost
analyses, that aim to inform decisions by evaluating the benefits, risks, and costs of
alternative options and providing insights about trade-offs.(12) In addition to projecting
potential outcomes, these analytic models support policy discussions by providing structure
to address complex problems and make key assumptions explicit, which helps to critically
examine assumptions and encourage further study.(0: 13) Although recent models offer
important insights, policy makers now face increasingly complex choices as they determine
the optimal roles of different available vaccine tools (i.e., monovalent OPV (mOPV),
bivalent OPV (bOPV), and trivalent OPV (tOPV), inactivated poliovirus vaccine (IPV), and
antivirals) and manage global risks to achieve and maintain a polio-free world under real
financial constraints. Making informed decisions requires an understanding of the immunity
induced by the available vaccines and WPV infections and their effects on poliovirus
transmission in different populations.

Poliovirus immunity and transmission represent complicated concepts. Only approximately
1in 100 or fewer infections in immunologically naive (i.e., fully susceptible) individuals
lead to paralytic polio,(!4) and consequently transmission models must consider both
symptomatic and asymptomatic infections. Moreover, while the ability of poliovirus
vaccines to induce serum antibodies that protect individuals from paralytic poliomyelitis
disease remains well-established, numerous challenge studies demonstrate that seropositive
individuals can become re-infected and excrete poliovirus.(4: 15) Thus, although infections
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in individuals with prior immunity do not appear to lead to paralysis, prior immunity to
disease does not prevent individuals from getting infected and participating in poliovirus
transmission. To emphasize the distinction from immunity to symptomatic poliomyelitis
disease, we use the term immunity to poliovirus transmission to refer to the combined effect
of immunity on the probability of re-infection, duration and amount of excretion and
infectiousness to others, which all affect participation in poliovirus transmission.
Understanding immunity and its effects on poliovirus transmission in different populations
requires careful review and interpretation of the available data.

This paper provides an expert review aimed at assessing the current state of the literature to
support the development of inputs for quantitative models related to immunity to poliovirus
transmission. Preparation of this expert review began with a meeting of the authors in April
2010, which also led to a synthesis of assessments from the experts for specific model inputs
and the identification of key knowledge gaps.(16) We focus this review on 66 studies that
measured the probability, duration, and concentration of poliovirus excretion by subjects
with different exposure histories challenged with live, attenuated OPV or OPV candidate
strains (i.e., OPV challenge studies). These studies provided the basis for characterizing
different states of immunity that may result from exposure to polioviruses.(16) We also
recognized the importance of waning of immunity and its effect of excretion on
transmission, which only a few OPV challenge studies address. Consequently, in our review
we considered the evidence from other types of studies, including studies that characterized
seroimmunity, antibody kinetics, secondary attack rates, and epidemiological observations.
Given the explicit context of our review to evaluate the evidence available to support risk
analysis and modeling of poliovirus transmission in populations, we focused on several key
topics and assessed and graded the existing literature relevant to these topics.

BACKGROUND AND METHODS

Scope of the review

Modeling poliovirus transmission requires characterization of the population immunity as it
evolves over time for each of the three serotypes.(® For polioviruses, the large number of
combinations of potential types of individual immunity complicates the characterization of
population immunity.X7) For example, individual immunity may result from exposure to
wild polioviruses (WPVs) or from vaccination with OPV and/or IPV, which provide
different types of immunity.(14: 15) In addition, OPV vaccination leads to secondary
immunization of contacts(18-22) and both vaccines “take” at different rates for each serotype,
as shown by widely varying seroconversion rates by serotype, setting, and vaccine.: 15. 23)
Infection with a live poliovirus (LPV, i.e., a WPV, OPV, OPV-related virus, or VDPV) due to
vaccination with OPV or natural exposure to a LPV leads to replication of poliovirus in the
gut. This infection induces both serum antibodies, which provide systemic immunity and
protection from paralytic poliomyelitis, and local antibodies that provide mucosal immunity.
Mucosal immunity typically results in significant reduction in the probability, duration, and
concentration of poliovirus excretion in feces upon challenge with a subsequent LPV,(24 25)
and OPV also prevents or substantially reduces excretion from the oropharynx,®) which
both may impact transmission.(??) In contrast, vaccination with IPV does not result in
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infection or virus replication. Compared to infection with an LPV, successful IPV
vaccination results in systemic immunity and reduced oropharyngeal excretion if infected
with a live poliovirus, but little or no enteric mucosal immunity.(26) As a result of the
complexity of immunity, poliovirus infection transmission models must go beyond simple
susceptible-infected-removed (SIR) models.® While we e recognize that the ability to
participate in poliovirus transmission depends on many factors besides immunity, such as
contact patterns and environmental conditions, we focus this review on the role of immunity
and we assume that risk and policy models will capture the other factors in the basic
reproductive number (R,)(® 28) or more detailed characterizations of mixing.(?% Thus, for
this review determining the specific immunity states used to characterize population
immunity represents the first task in model development.(16)

A previously-published poliovirus transmission model(®) captured some of the complexity
underlying population immunity for polioviruses by including the 4 different immunity
states (i.e., “partially infectible groups” (8. P-359)) shown in Figure 1. Each box in Figure 1
represents an immunity state, and the arrows represent flows between these states as a result
of 3 possible processes (in addition to accumulation of unvaccinated infants as fully
susceptibles): infection with a LPV (i.e., the model treats WPV, OPV, OPV-related virus, and
VDPV similarly in terms of the resulting immunity to poliovirus transmission), vaccination
with IPV, or waning. Entering immunity states requires “take,” (i.e., vaccination or LPV
exposure that stimulates the immune system, as typically measured by increased antibody
titers). The model(® assumed that IPV vaccinated individuals and those with prior LPV
infection(s) benefit from protection from paralytic disease, but that they remain “partially
infectible,” because they may still participate to some degree in the asymptomatic poliovirus
transmission. The model further assumed that LPV infection would move individuals to the
“recent live” state (i.e., the highest level of immunity to poliovirus transmission) regardless
of their prior immunity state. Later variations of the model that considered longer time
horizons used an average waning time of 2 years to go from a “recent live” to a “historic
live” immunity state.(3%: 31) Thus, the “historic live” state represents the average level of
immunity to poliovirus transmission for all individuals who recovered from their most recent
live poliovirus at least approximately 2 years ago (i.e., individuals with waned immunity).
The outbreak model also characterized a “removed” immunity state (not shown in Figure 1)
for individuals infected during an outbreak, because it assumed that the “removed”
individuals would not become infected again with the same LPV during the same outbreak.
The model shown in Figure 1 essentially ignores the effect of maternal immunity, such that
successfully vaccinated infants who receive immunization before their maternal immunity
wanes flow directly into the “recent live” or “IPV only” state, while unvaccinated or
unsuccessfully vaccinated infants enter the model as fully susceptibles.

Although these assumptions represented important simplifications, the structure in Figure 1
supported the development of models for some policies. However, many issues related to
vaccination choices during the pre-eradication and transition periods require more detailed
immunity states. For example, we now need to consider serotype differences given
widespread use of different types of OPV products (mOPV, bOPV, and tOPV) and the
potential policy option of OPV2 cessation.(® The immunity states in Figure 1 also do not
distinguish different numbers of doses or infections, allow for waning from all of the states,
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characterize combined exposure histories of IPV and LPV, account for maternal immunity,
or consider the effect of immunity on different modes of transmission (i.e., fecal-oral vs.
oropharyngeal).

For this review, we define immunity states by readily identifiable immunological event
histories, including a given number of LPV infections and/or successful IPV vaccinations
(i.e., vaccinations that stimulate the immune system), and a given time since the last
immunological event. Newborns may receive significant, passive maternal antibodies at birth
or shortly thereafter in colostrum, with very limited and probably insignificant transfer of
passive antibodies through breast milk later during infancy.(32) Therefore, we include
transfer of maternal antibodies at and after birth as a distinct exposure event. For each
immunity state, we seek to review the evidence related to the immunity to poliovirus
transmission, which includes the probability of becoming infected upon subsequent
exposure to a LPV, and the duration and concentration of virus excreted if infected. Given
that poliovirus transmissions in different settings may occur both as a result of fecal and/or
oropharyngeal virus excretion,2”) immunity to both types of excretion could impact
transmission. Thus, in addition to the probability, duration, and concentration of poliovirus
excretion in different immunity states, immunity to poliovirus transmission also depends on
the effect of different levels of excretion on transmission, which in turn depends on the
setting and may differ for fecal and oropharyngeal excretion.

Determination of immunity states

We recognize that immunity to poliovirus transmission of individuals within a given
immunity state may vary along a continuum due to a large number of factors (e.g., genetics,
environment, dose and timing of previous infections/vaccinations, interference from other
enteroviruses, immunity level of mother), such that each immunity state represents a
distribution. For example, for an immunity state that includes a history of 2 successful OPV
vaccinations (i.e., OPV infections) during childhood followed by 1 WPV infection dating
back 3 years, not all individuals in that immunity state would respond in the same way to an
identical subsequent exposure to a LPV. However, for modeling purposes we typically divide
the continuum into discrete states and focus on determining the average level of immunity to
poliovirus transmission of each immunity state to understand the overall behavior of the
system, recognizing uncertainty about these averages and variability within immunity states.
We emphasize that similar to the previous model,®) entering an immunity state requires
actual infections or successful vaccinations (i.e., we condition immunity states on prior
“take™). To streamline the model and extract meaningful data from the literature, we define a
“recent” immunity state as the state of immunity immediately after the complete immune
response to a LPV infection or successful IPV dose. However, we recognize that waning of
immunity occurs from the maximum level in the recent state, and that the kinetics of waning
represents an important and uncertain process to model in order to characterize how the level
of immunity to poliovirus transmission changes with time.

To explore the full set of potential immunity states, we first consider the possible immunity
states for a simplified situation with a only one serotype and only LPVs (i.e., no IPV) shown
in Figure 2. Boxes represent immunity states and arrows represent LPV infections (i.e., they
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only include vaccinations that take). We emphasize that immunity to poliovirus transmission
of all three serotypes requires consideration of separate diagrams for all three serotypes, and
the heights and positions of the boxes may vary by serotype. Newborn children enter the
population with maternal immunity in the box “maternally immunes,” which depends on the
levels of serum antibodies in their mothers. These antibodies disappear in the absence of
LPV infections, leading to full susceptibility, represented by the box of “fully susceptibles.”
The first infection with LPV leads “fully susceptibles” or “maternally immunes” into the “1
LPV infection” immunity state. The probability of becoming infected if exposed to an LPV,
and possibly also the resulting level of immunity to poliovirus transmission, depend on the
specific LPV (i.e., WPV strain, VDPV strain, tOPV, bOPV, mOPV), serotype, and the
amount of virus received (i.e., the immunity state is a function of exposure). Thus, the box
“1 LPV infection” in Figure 2 represents a distribution of levels of immunity to poliovirus
transmission associated with each possible exposure, and we assume all individuals with a
single LPV infection of one serotype fit in that box. In addition, after recovery and in the
absence of subsequent infections, immunity to poliovirus transmission will wane as a result
of decreasing antibody levels. Thus, with each possible exposure we could associate a
continuum of immunity states (boxes) representing the extent of waning of immunity as a
function of time since the arrival in the “1 LPV infection” box. In Figure 2, we indicate this
by representing the immunity state “historic 1 LPV” as a function of time, with a large
vertical range to reflect the notion that waning of immunity may eventually lead to
substantially lower levels of immunity to poliovirus transmission. At any time after the first
infection, a second LPV infection with the same serotype could occur, (possibly) leading to
a higher level of immunity to poliovirus transmission (again, with dependence on strain and
amount of virus in the exposure). The level of immunity to poliovirus transmission resulting
from the second infection may also depend on the pre-existing level of immunity to
poliovirus transmission, which wanes over time, and thus on the time since the first
infection, as indicated. The same structure occurs for additional (n) LPV infections, although
arguably the increase in immunity to poliovirus transmission associated with additional
infections becomes smaller with each subsequent infection. We use dashed edges for
infection n to indicate its potential subdivision into any number of LPV infections.

Figure 3 presents a simplified situation in which only IPV exists, again providing the
structure for immunity to a single serotype. The “maternally immunes” and “fully
susceptibles” remain the same as in Figure 2, and if individuals in these groups receive a
single IPV dose that effectively stimulates the immune system, then they move to the
immunity state “1 successful IPV dose.” The success of the first dose may or may not
manifest itself in detectable antibodies, but it leads to a “primed” state of the immune system
resulting in a high seroconversion rate for the second dose, implying that a first successful
dose may not equal the more narrow definition of a “take” as a dose that leads to
seroconversion.(33) The immunity to poliovirus transmission of the “1 successful IPV dose”
immunity state remains uncertain due to lack of evidence. For any IPV dose, the probability
of “take” and possibly also the resulting level of immunity to poliovirus transmission depend
on the vaccine formulation/delivery (e.g., enhanced vs. original IPV, adjuvants, fractional
dosing, vaccination route of administration) and timing of IPV administration,%) as
indicated. The immunity state “historic 1 IPV” indicates waning of the “1 successful IPV
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dose” state as a function of time. Subsequent successful IPV doses move individuals to
higher immunity states, with the level of immunity to poliovirus transmission potentially
depending on the time between the doses. For example, a “booster” effect for IPV doses
given a minimum amount of time after the previous dose may lead individuals to a different
level of immunity to poliovirus transmission than “primary” IPV doses given within the
minimum time frame. The time frame between “booster” and “primary” doses clearly affects
antibody titers, (13 but its effect on immunity to poliovirus transmission remains uncertain.
Consequently, we focus on the more clear-cut distinction between different numbers of
successful doses, while indicating the dependence on time since the previous dose as an
extra dimension of the boxes “2 successful IPV doses” and “n successful IPV doses.”

Clearly, even considered separately, immunity to poliovirus transmission induced by
exposure to LPV or IPV represents a complex concept, and in reality any combination of
immunity states derived from the immunity states in Figures 2 and 3 can occur. We attempt
to represent the complexity by presenting a narrowed-down set of immunity states, with the
understanding that each state represents a distribution of possible levels of immunity to
poliovirus transmission. To characterize the immunity states, we use the following
simplifying assumptions:

. The interval between successful IPV doses does not impact the resulting level of
immunity to poliovirus transmission if IPV takes

. Three or more successful IPV doses all lead to same level of immunity to
poliovirus transmission

. Two or more LPV infections of any strain all lead to the same level of immunity
to poliovirus transmission as long as sufficient time elapses between exposure for
subsequent infections to represent “new” infections

. All mixtures of LPV infections and successful IPV doses lead to the same level
of immunity to poliovirus transmission

. The variability of levels of immunity to poliovirus transmission resulting from
exposure to different strains and amounts of LPV is negligible compared to the
variability across the 8 immunity states or across serotypes

The last assumption means that we do not distinguish different states of immunity to
poliovirus transmission resulting from different strains or amounts of exposure, although we
recognize that these factors probably impact the probability of entering immunity states (i.e.,
“take™). With the above assumptions, we define the following minimum set of recent
immunity states required for each serotype to model poliovirus transmission in sufficient
detail to address outstanding current and future policy questions (Figure 4):

. Maternally immune: Individuals born with maternal antibodies that wane rapidly
with age (if not infected with LPV or successfully vaccinated with IPV)

. Fully susceptible: Individuals never infected with LPV or successfully vaccinated
with IPV and maternal antibodies effectively waned to 0
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. 1 successful IPV dose: Individuals with 1 IPV dose that reached and stimulated
the immune system and no history of LPV infection, including those “primed”
and without measureable serum antibody

. 2 successful IPV doses: Individuals with 2 IPV doses that reached and stimulated
the immune system and no history of LPV infection

. >3 successful IPV doses: Individuals with at least 3 IPV doses that reached and
stimulated the immune system and no history of LPV infection

. IPV and LPV: Individuals infected at least once with an LPV and successfully
vaccinated at least once with IPV, in any order

. 1 LPV infection: Individuals with a history of a single LPV infection and no
history of successful IPV vaccinations

. >2 LPV infections: Individuals with a history of multiple LPV infections and no
history of successful IPV vaccinations

Waning can occur from any immunity state (except fully susceptible), and the term “recent”
immunity states refers to immunity states prior to the occurrence of any waning. Our review
of the literature focuses on characterizing susceptibility and the concentration and duration
of virus excretion for these recent states, and we review waning separately. Figure 4 depicts
the 8 recent immunity states and shows the potential for waning within most of these
immunity states, which depends on the time since the last immunological event. Some
immunological events move individuals between waning states within a given immunity
state (e.g., the LPV arrow in the “> 2 LPV infections” immunity state), while other
immunological events move individuals from one immunity state to another. The incoming
arrows from one state to another in Figure 4 always go to the “recent” level within the
receiving immunity state, while the outgoing arrows typically go from all levels within an
immunity state, meaning that the new immunological event represented by the arrow
produces the same effect regardless of the time since last prior immunological event (i.e.,
provided that sufficient time elapsed for the new immunological event to take). However,
given the known effect of time between doses on antibody titers,(14: 15) we address the
possible variability within each box by reviewing data on the relationship between antibody
titers and immunity to poliovirus transmission.

Literature included and grading

We recognized that different types of studies provide evidence related to the immunity states
shown in Figure 4. The conventional way to measure probability, duration, and
concentration of poliovirus excretion involves challenging a study population with OPV,
determining the percentage of subjects excreting the virus as a function of time after
challenge, and assessing the concentration of virus isolated, which are typically measured in
(log) cell- or tissue-culture infective doses (CIDsg) per gram of feces or ml of oropharyngeal
excreta. We focused on reviewing the OPV challenge because they use relatively well-
controlled designs as opposed to results from case reports or cross-sectional excretion
studies.(34) We searched the PubMed database in March 2010 with keywords “OPV” and
“excretion” and “OPV” and “challenge”. This yielded 65 hits and 15 distinct OPV challenge
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studies that measured virus excretion. In addition, we identified 42 OPV challenge studies
previously known by the authors, published after March 2010, or cited in other OPV
challenge studies or reviews on poliovirus immunity.(14: 15. 34) |n addition to the OPV
challenge studies, numerous studies exist that provide results from stool sampling in the
context of small and large vaccine trials and outbreaks over time throughout the world,
including many results published only in the non-peer-reviewed literature. Our review does
not include all challenge data recorded in every context, but we believe that it covers the
relevant data and that inclusion of further OPV challenge studies from the non-peer reviewed
literature would not alter the insights with respect to quantifying immunity to poliovirus
transmission. In the context of filling some data gaps in our review, we also considered the
available evidence from studies that measured seroconversion or seroimmunity, antibody
kinetics, WPV excretion, secondary attack rates, and epidemiological observations. We
identified these other types of studies in the references from OPV challenge studies and
reviews or through discussion among the authors.

The studies included in our review primarily sought to answer different questions than those
we focused on for our review. Consequently, even studies designed and executed perfectly
for the intended questions imply limitations with respect to interpretation for our review. We
identified the limitations of each study and summarized these in our first pass. In the context
of our discussions, we then categorized the limitations and reviewed every study again to
assign the limitations from the list to each study. Finally, we discussed and iterated on the
list until we felt we captured the complete set of limitations relevant to grading this body of
evidence to support modeling.(3®) The lead author reviewed every study at each round to
ensure consistent application of the limitation criteria and other authors reviewed a subset of
the studies as a means of verification and participated in multiple discussions and iteration of
drafts of the paper to discuss the studies and review the tables.

Table 1 identifies the list of limitations for each study relevant to our potential use of its data
for modeling poliovirus transmission for 4 specific attributes of the studies. The design
attribute characterizes the nature of the study (i.e., observational or randomized controlled)
and the appropriateness of the study for estimating the specific model input, which we
capture in limitations A through F. With respect to limitation A, the assignment to immunity
states always remains beyond the control of the investigator due to unknown history of
immunological events (e.g., the inability to assign who gets naturally infected with LPVs,
who experiences a successful take to assigned vaccinations, or who received maternal
antibodies at birth). While this makes all results potentially biased (e.g., subjects who
experienced a pre-challenge LPV infection may represent inherently more biologically-
vulnerable subjects for unknown reasons), we do not believe this represents an important
source of bias. Consequently, we only assign limitation A to studies in which the pre-
challenge vaccination history (i.e., not immunity state, but actual history of vaccinations)
remains uncontrolled by the investigator. For example, in a convenience sample of children
with various vaccination histories, the number of doses may negatively correlate with the
likelihood of natural LPV infections, introducing a sufficiently important bias to consider a
limitation when comparing the effect of different numbers of doses. With respect to
limitation B, we consider all relevant factors (e.g., vaccination status, pre-challenge
serology, age, likelihood of natural LPV infections) on a case-by-case basis to decide if a
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susceptible control arm exists. Absence of pre-challenge serology (limitation C) affects our
ability to establish the proportion of subjects who experienced takes of prior doses or natural
LPV infections, or who possess maternal antibodies and therefore affect our ability to assign
study arms to immunity states. With respect to limitation D, we indicate the arms we
consider to contain fewer than 10 subjects, and we emphasize that the limitation may not
apply to all specific topics for which we considered the study. Given that excretion rates
typically peak during the first one or two weeks following a challenge, later stool specimen
collection times reduce the sensitivity to detect excretion (limitation E). We apply limitation
F only for studies that challenge with tOPV or bOPV, and not for studies that sequentially
challenge with different mOPV types (typically at monthly intervals) even though this may
lead to limited interference as well.

The relevance attribute characterizes the extent to which the population and outcome
measures provide information relevant to those of interest, which we capture in limitations G
through R. These limitations all affect our ability to assign study arms to immunity states
(limitations G, H, I, J, K, N, O, Q, and R), provide data directly relevant to current vaccines
(limitations L and M), or assess immunity states with respect to realistic routes of exposure
(limitation P, which applies to all OPV challenge studies). Limitation J applies when a study
mentions a high level of natural exposure to LPV in the study setting and limitation K
applies when we know from the context of the study (e.g., country, year, and age of subjects)
that subjects possibly experienced undocumented LPV infections. One of limitations I-K
applies in all situations except in settings free of LPVs, like IPV-using countries or countries
with documented absence of LPV transmission between OPV campaigns (e.g., Cuba).(36:37)

The quality attribute characterizes details about the methods and execution, for which
limitations S through W apply. Limitation S refers to both virus isolation and serological
methods, and does not apply if one or more of the authors of this review could assess the
methods in sufficient detail to assess limitations T-W. For the virus isolation method, we
apply limitation T if virus detection does not involve the MK, HeLa, L20b, RD, HEp-2, or
Vero cell lines, or if the investigators collected rectal swabs instead of stool specimens.
Inadequate suspensions or inoculum could also affect limitation T, but we found no evidence
of such inadequacies in any of the studies. For limitation V, we assume that color tests,
metabolic inhibition tests, and plaque reduction tests used WPV reference strains (unless
otherwise noted). We also apply limitation V for studies that reported use of neutralization
tests with WPV strains, given that the current standard recommends the use of Sabin strains.
(38) Limitation W applies for assays with unknown sensitivity or known reduced sensitivity
compared to current WHO standards.(38) Finally, the consistency attribute characterizes the
similarity of estimates across studies, for which we use limitation X. We note that some
studies provide results that look like “outliers,” but for which we typically can identify one
or more explanations for the observed differences. We only assign limitation X to any
individual study if no apparent explanation exists for atypical observations compared to two
or more studies.

We use the limitations in Table 1 to evaluate the evidence for each specific topic related to
immunity to poliovirus transmission by grading the evidence for the 4 attributes based on the
corresponding limitations. We evaluate the overall weight of the evidence by summarizing
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an overall grade that depends on the grades of studies containing relevant data with respect
to each attribute and immunity state, according to the criteria provided in the far right
column of Table 1, and we consider limitations only as they apply to the specific topic for
which we assess the evidence (e.g., if a study does not allow stratification by pre-challenge
seroimmunity status for a given topic, then we consider limitation G, but not any of the
limitations related to serological methods (S, U, V, or W) to assess the weight of the
evidence). We assign a high grade with respect to a given attribute for a topic if at least one
study does not include any limitations captured by the attribute. We deemed limitations
critical if they significantly affected our ability to make inferences from study results to
inform the development of model inputs, as identified with bold text in Table 1. We assign a
moderate grade if we find one or more studies free of any critical limitations identified with
bold text in Table 1, but including at least one of the non-critical limitations. We assign a low
grade otherwise (i.e., if all studies include one or more of the critical limitations). For the
consistency attribute, we differentiate availability of fewer than 2 consistent studies (low
grade), 2 consistent studies (moderate grade), and 3 or more consistent studies (high grade).
We use the grades for the four attributes to assign the overall grade for the evidence. To
receive a high overall grade, we require a high grade for each attribute. A low grade for any
of the attributes automatically leads to an overall low grade, and the absence of any data
pertaining to the given topic leads to a very low grade. We assign a moderate grade
otherwise. Given that OPV challenge studies involve exposure routes that differ from natural
exposure, we find that the highest possible relevance grade remains moderate, which
automatically implies a maximum overall grade of moderate. While OPV challenge study
results exist that reflect natural exposure to contacts (i.e., attack rates), given the many other
variables that affect contact infections and the uncontrolled nature of secondary spread we
focus on the direct challenge data for the characterization of immunity states. We use the
secondary attack rate results only for our discussion of the difference in transmissibility
between OPV and WPV.

In the absence of serological data before and after each dose and the challenge, assignment
of study arms to immunity states comes with uncertainty. Unless serological evidence
indicates otherwise, we assign study arms based on the number of doses, even if we remain
uncertain that all doses took. To distinguish fully susceptibles from maternally immunes in
the absence of serological data, we consider previously unvaccinated infants challenged
before 2 months of age as maternally immune and previously unvaccinated infants
challenged at 2 months or more as fully susceptible. To further facilitate the interpretation of
results within the appropriate context, we provide information about the setting. We classify
settings by the extent to which the study conditions favor enterovirus transmission ranging
from low to medium to high transmissibility (i.e., roughly corresponding to low-, middle-,
and high-income country settings).(® 28) For ease of presentation, we identify studies in the
tables and figures only by the first author and year. In some cases, we include more than one
reference for a study, because some studies yielded more than one published paper.

Table 2 summarizes key attributes of the 66 OPV challenge studies that we identified in the
published literature. Table 2 includes key information from each challenge study about the
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location, challenge vaccine(s) used, study arms challenged, methods for virus isolation, stool
sampling intervals, and reporting of isolated virus titers. Table Al details the assignment to
immunity states of all study arms for which we included results in the topical summary
tables. The last column provides limitations using the symbols from Table 1, and any notes
relevant to the interpretation of results or additional information provided and not captured
under the other columns (e.g., studies that reported oropharyngeal excretion).

The OPV challenge studies in Table 2 form the basis for quantifying the susceptibility,
duration, and concentration of virus excreted, and waning of immunity; although we
supplement our assessments using other types of data as well. Some OPV challenge studies
report different types of antibody responses to the challenge in addition to measuring virus
excretion, which we in some cases consider as complimentary information on topics for
which data gaps from OPV challenge studies alone exist (e.g waning of immunity).

Immunity to poliovirus transmission depends first on the susceptibility to poliovirus
infection, which we review in the next subsection. The following subsections review the
duration and concentration of excreted virus, both in feces and from the oropharynx, which
together determine the total virus output and infectivity of infected individuals. Probability,
duration, and concentration of virus excretion combined allow characterization of the recent
immunity states. We then review data on waning of host immunity to poliovirus transmission
needed to characterize the increase in susceptibility and total virus output as a function of
time since entering a recent immunity state. The last subsection reviews data on factors that
might affect susceptibility, excretion, and transmission, including the relationship between
pre-existing antibody levels and excretion, serotype differences, the role of the anamnestic
response, minimum infectious doses, the relative importance of fecal-oral versus
oropharyngeal transmission in different settings, the relationship between virus excretion
and the probability of infecting others, and the differences in transmissibility between OPV
and WPV.

Susceptibility to poliovirus excretion

Definitions and criteria—We review the data on the extent to which different immunity
states reduce the probability of poliovirus excretion. We define relative susceptibility (to
poliovirus excretion) for a given immunity state as the probability of infection (i.e.,
replication of virus in the host) for an individual in the immunity state, divided by the
probability of infection for fully susceptibles given identical exposure. Both fecal and
oropharyngeal excretion may occur after exposure and may contribute to poliovirus
transmission).(14 27, 39, 40) Available data from the set of OPV challenge studies suggest
occasional oropharyngeal excretion among susceptibles or seronegatives (range 0-87%
among 5 studies),(3% 41-44) and rare oropharyngeal excretion among seropositive subjects
with any history of LPV infections or successful IPV doses (range 0-18% among 6 studies),
(26, 39, 41, 42, 44-47) ynless measured after unusually high challenge doses of 107 CIDsg or
more (i.e., up to 67%).(46: 47) |t remains unclear from these studies whether oropharyngeal
excretion can occur in the absence of fecal excretion, but data from studies on WPV and
OPV spread suggest that it remains rare at best.(48: 49 Given the limited data and generally
low rates of oropharyngeal excretion compared to fecal excretion (see below), we focus on
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fecal excretion results as the most appropriate information to determine susceptibility to
poliovirus excretion.

For this analysis, we exclude studies that do not report results for a plausible susceptible
control arm (limitation B) required by the definition of relative susceptibility, include fewer
than 10 subjects in relevant study arms (limitation D), provide no information about “recent”
immunity states (limitation N), or provide only results lumped across exposure histories
(limitation O). Table 3 provides the evidence grading and Table 4 summarizes the results
from the included studies. Table Al provides details about the assignment of study arms to
immunity states and our estimation of the probability of infection from the data.

Fully susceptibles and maternally immunes—In Table 4, studies showing estimates
for any or all serotypes involve a tOPV challenge, while studies that provide estimates for
only a single serotype involve an mOPV challenge. By definition the relative susceptibility
equals 1 for fully susceptibles, because they represent the comparator group. Only
7(43,50-55) of 66 OPV challenge studies in Table 2 include a maternally immune arm, and
only 3(43.50.55) of those studies meet the inclusion criteria. Despite the small number of
studies, at least one has no limitations with respect to design(® and no apparent
inconsistencies exist, leading to high grades for those two attributes. With moderate grades
for relevance and quality due to the ubiquitous limitations of a non-natural exposure route
and common laboratory issues, this leads to a moderate overall grade for maternally
immunes (Table 3). The estimates of relative susceptibility for maternally immunes result
from comparing subjects challenged soon after birth with at least 16(>% or 8(43.55) reciprocal
maternal antibody titers to subjects with lower maternal antibody levels. We find relative
susceptibility estimates near 1 for all 3 studies.

1 successful IPV, 2 successful IPV, and 3 or more successful IPV—Only
4(52,56-60) of 66 OPV challenge studies in Table 2 include an arm of single IPV dose
recipients, and only 157:59) of those studies meets the inclusion criteria. The results suggest
no effect of the first IPV dose on susceptibility given that excretion occurred less frequently
among previously unvaccinated subjects for all 3 serotypes than among recipients of a single
IPV dose. However, the study provides no serological results for the single IPV dose
recipients, making it impossible to determine the proportion of subjects that seroconverted to
the IPV dose. The limited evidence leads to an overall low grade(Table 3). The possibility of
a primed state after one dose, even without seroconversion, means that designing a study to
assess virus excretion for the single IPV dose immunity state remains challenging. The only
ways to determine individual “priming” in the absence of seroconversion include
administering a second IPV dose before the challenge, which would change the immunity
state to “2 successful IPV,” or assessing carefully the speed with which the challenged
individual with 1 prior IPV dose mounts an immune response, which may or may not
provide a clear-cut differentiation between primed and non-primed individuals. Thus, even
with studies that report extensive serological results, it remains very challenging to
determine the effect of the possible seronegative primed state with high confidence, although
we need such studies to establish the effect of a seroconverted single-dose recipient.
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A total of 17 OPV challenge studies(20: 22, 24-26, 41, 45, 52, 56, 58, 60-69) jnclude an arm of
multiple IPV dose recipients, including 5 that meet the inclusion criteria for the assessment
of relative susceptibility with 224 45.62-64) and > 3(25. 45, 56, 58, 62, 68) g ccessful IPV doses
(Tables 3 and 4, respectively). We see highly variable crude ratios of relative susceptibility
(i.e., as high as 4.5 and as low as 0.40), which occur due to low numbers of excretors, either
as a result of a low challenge dose and/or other factors,#3) or small sample size.(56: 58) With
larger numbers of excretors, the estimates typically equal approximately 1, with some
variation as a result of chance. Among the studies with moderate to large numbers of
excretors, only the study by Ghendon and Sanakoyeva (1961)(24) involving nursery children
restricted the IPV arm to only seroconverters to the IPV doses. However, seroconversion in
the IPV group does not preclude infections to an LPV prior to the challenge (i.e., wild or
secondary OPV), while those in the seronegative group of susceptibles most likely did not
experience any LPV infection, which suggests that the study may underestimate relative
susceptibility. In contrast, the results from 4 other studies with moderate to large numbers of
excretors(25: 62,63, 68) may overestimate relative susceptibility because their IPV arms
include subjects who did not respond to some or all IPV doses. All of the other limitations
among the set of included studies (i.e., challenge with tOPV, absence of cumulative
excretion rates or infrequent sample collection times, possible secondary LPV exposure, and
laboratory limitations) affect the IPV groups as much as the susceptible groups, and thus
introduce errors but no apparent bias in relative susceptibility estimates. Based on the
criteria outlined in the methods section, we assess the overall weight of the evidence for
relative susceptibility for the 2 and = 3 successful IPV immunity states as moderate. The
overall evidence suggests no significant effect of IPV on the susceptibility to infection
(Table 3).

1 LPV infection, 2 or more LPV infections, IPV and LPV—14 OPV challenge
studies(24: 43,50, 51, 53, 54, 56-61, 70-73) renort excretion results for single OPV dose recipients,
with 8 studies(24 50. 54, 57, 59, 70-73) meeting the inclusion criteria. Given the low take of the
first OPV dose (especially the type 1 and 3 components of tOPV),(3: 73) |ack of
stratification of proportions excreting by responders vs. non-responders represents a
particularly serious limitation for relative susceptibility estimation based on single-dose
recipients. Thus, we focus on results that stratify by seroimmunity status or reported high
seropositivity after the first dose. The type 1 data from Ghendon and Sanakoyeva (1961)(24),
and type 2 data from Mallet et al. (1997)("1) and Samoilovich et al. (2003)("2 include only
seropositive subjects at the time of challenge after receipt of a single OPV dose, with relative
susceptibility estimates ranging from 0.20 to 0.55. Other estimates based mostly on results
from responders to the first dose include type 2 results from Cohen-Abbo et al. (1995)(70)
(95% seroconverted), Dong et al. (1986)(0) (96% seropositive at time of challenge),
Maldonado et al. (1997)(73) (90% seroconverted), and type 1 results from Mallet et al.
(1997)("1) (94% seropositive), which yield relative susceptibility estimates ranging from
0.09 to 0.45. Relative susceptibility estimates exceeding 1 occur for type 3 in some studies,
(57.59,70) hecause the second dose of tOPV typically yields a better type 3 response than the
first tOPV dose due to interference between serotypes for the first tOPV dose.(14) We assess
the weight of the evidence for 1 LPV infection as high with respect to design, quality, and
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consistency, but moderate with respect to relevance, because no study measures virus
exposure as it would occur in a natural setting (Table 3).

18 OPV challenge studies(20: 22. 24-26, 45, 54, 56, 58, 60, 61, 64-66, 68, 70-72, 74-76) report

excretion results for multiple OPV dose recipients, with 10

studies(24: 25, 45,54, 64, 68, 70-72, 75) meeting the inclusion criteria. High type 3 and type 1
estimates(®7: 59. 70, 72) most likely represent an artifact of poor take of the first two tOPV
doses or low sample size.("1) The lowest estimate of 0.07 from Cohen-Abbo et al. (1994)(7%)
may partially reflect an artifact of the low sensitivity of poliovirus detection at 30 days after
the challenge, although the study achieved higher isolation rates for the other serotypes. The
remaining estimates provide the best data for relative susceptibility after 2 or more LPV
infections and range from 0.09 to 0.44. Similar to the 1 LPV infection immunity state, we
grade the weight of the evidence as high on most attributes, but the overall grade remains
moderate (Table 3).

We find 10 OPV challenge studies(20: 22. 52,57, 59, 60, 65, 74-78) that report excretion results
for recipients of both IPV and OPV vaccinations, but only two studies(®7: 5%-75) meet the
inclusion criteria. The subjects in the study reported by Minor et al. (2005)7) and Ramsay
et al. (1994)G9) received a single enhanced-potency IPV (elPV) dose followed by a single
tOPV dose prior to challenge with a second tOPV dose. The high type 3 estimate may reflect
poor take of both the elPV and the subsequent tOPV dose. The similarity of the relative
susceptibility estimates for types 2 and 3 based on single tOPV recipients from the same
study(57: 59) suggests that the initial elPV dose produced little effect on relative
susceptibility, but we see a substantially lower type 1 estimate with elPV than without. The
study by Parent du Chételet et al. (2003)("® involved subjects who received 4 tOPV and
either 0, 1, or 3 elPV doses prior to the challenge, with no significant differences in the
proportions excreting between the three groups. Based on these limited data, a mixed history
of successful IPV doses and LPV infections appears at least as effective at reducing
susceptibility as a history of only LPV infections, although no evidence exists to suggest that
IPV enhances the protection from re-infection in subjects already immune from recent LPV
infections. Due the small number of studies, we find a moderate quality and consistency
grades for the IPV and LPV immunity states but otherwise similar grades as the LPV only
states (Table 3).

Based on the data from the included studies (Table 4), we derive the following general
insights about relative susceptibility: 1) maternal immunity and a history of only IPV
(regardless of number of doses) provides little or no protection from re-infection compared
to fully susceptibles, and 2) any history of LPV infection (with or without IPV) reduces the
probability of infection by approximately 50% or more. While some studies show little
difference in mucosal immunity between OPV and IPV vaccinees, (0. 22.45) those results
probably reflect frequent natural LPV infections among IPV vaccinees.(62) Data obtained in
the absence of much opportunity for LPV exposure (i.e., young age at challenge and high
hygiene setting) show a marked difference in relative susceptibility between IPV and OPV.
(24-26, 57, 59, 64, 66, 68) Other studies from similar settings that do not compare IPV and OPV
directly show no effect of only IPV vaccination on susceptibility compared to unvaccinated
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subjects, (19 62,79, 80) and various studies that compare OPV and IPV directly without
including a susceptible arm confirm the difference between IPV and OPV.(26. 65, 66)

The limited data in Table 4 suggest little difference between LPV only and IPV and LPV, but
do not address the impact of different orders of LPV infections and successful IPV
vaccinations. The data from Modlin et al. (1997)®3 show a decrease in the proportion
excreting according to the number of doses of tOPV in a vaccination schedule that started
with two elPV doses, although based on very few excretors with 2 or 3 prior tOPV doses.
While two elPV doses in addition to 3 tOPV doses led to somewhat higher seropositivity
and antibody titers compared to only 3 tOPV doses, they did not lead to a reduced
proportion excreting.(®9 Studies in The Gambia, Oman, and Thailand also report no
significant differences when comparing schedules with or without IPV and a fixed number
of tOPV doses.(20: 22) Other studies found no significant differences in the proportion
excreting between various sequential schedules of elPV followed by tOPV/(€0. 78) or tOPV
followed by elPV.(7%) No study provides a direct comparison of IPV followed by LPV versus
LPV followed by IPV. Given the lack of an effect of IPV in addition to LPV, the order of
LPV infections and successful IPV doses probably does not impact relative susceptibility for
the recent immunity state, although the order of doses may affect take. However, IPV can
boost antibody titers of previously LPV-infected individuals,() and consequently it could
reduce relative susceptibility in individuals with waned LPV immunity. Within the recent
immunity state of IPV and LPV, we suspect that the number of LPV infections may
represent the most important source of variability.

Duration of fecal excretion over time

Definitions and criteria—In our review of the data on the length of excretion following
infection for different immunity states, we find that most studies report excretion proportions
over time rather than actual durations of excretion among infected subjects. Consequently,
we first present data on the probability of fecal excretion over time, defined as the proportion
of infected individuals excreting detectable homotypic virus in stools as a function of time
since exposure to LPV for a given recent immunity state. We also summarize the available
data on average time between the challenge and the last positive stool sample.

We focus on studies with at least 2 stool specimen collection times. Given the potential
interference between concurrently administered strains affecting both take and the excretion
kinetics, we restrict the review to monovalent OPV challenge studies (i.e., we exclude
studies with limitation E). As with relative susceptibility, we further exclude studies with
fewer than 10 subjects in the relevant study arms (limitation D), and those studies that
provide no information about recent immunity states (limitation N) or show results only
combined across exposure histories (limitation O). However, in contrast to estimation of
relative susceptibility, we do not require the presence of a susceptible control arm (limitation
B), although it still represents a critical limitation with respect to interpretation of study
results. Table 5 provides the results of the evidence grading.

Out of 39 OPV challenge studies with at least 2 stool specimen collection times (Table 2), a
total of 15 studies(24-26. 41, 45, 51-53, 66, 68, 69, 75, 81-86) meet our inclusion criteria for
estimating the probability of fecal excretion over time or average time until the last positive
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stool specimen (Table 5). No data exist for recipients of 1 successful IPV dose. We find only
one study with a low overall grade for maternally immunes(®3) and only one study with a
moderate grade for 2 successful IPV doses,(?4) although we note that one study combined
results for 2 and 3 IPV doses®). The weight of the evidence for fully susceptibles and fully
immunized individuals (i.e., 3 or more successful IPV doses, 2 or more LPV infections, or
IPV and LPV) classifies as high with respect to design and consistency, moderate to high
with respect to quality and moderate with respect to relevance, leading to moderate overall
grades.

Probability of fecal excretion over time—Figure 5 summarizes the available data for
fecal excretion over time for the 8 recent immunity states. For this figure (and other figures
that report data by immunity state), we use black lines for the fully susceptible and
maternally immune states, blue lines for IPV-only states, red lines for LPV-only states, and
purple lines for the IPV and LPV state. We emphasize that the absolute proportions
excreting between studies depend on many factors, including the challenge dose and setting
(e.g., cumulative excretion rates vary by study or location, as shown in Table 4). To assess
the duration of excretion by infected subjects from fecal excretion rates over time, we
assume that the decrease in the proportion excreting relative to the peak excretion rate
represents the most relevant information.

Figure 5 shows that over 50% of fully susceptible subjects excrete poliovirus fecally for at
least 2 weeks and approximately 40% or more excrete for at least 4 weeks after the
challenge. The only study that reports fecal excretion rates for maternally immunes shows
very low rates, consistent with the known poor take of OPV given as a birth dose in India.
(53, 87) However, the decrease of 40% in the excretion rate between 7 and 30 days remains
similar to that observed for fully susceptibles.(®1) The subjects probably represent a mix of
maternally immunes and fully susceptibles (Table Al), with no breakdown by maternal
antibody status provided to determine any difference in excretion rates over time between
the two immunity states.(3) Likewise, the available data for single OPV dose recipients
include a large fraction of subjects (i.e., 45%-88%) who did not respond to the first dose.

(51, 53) This leads to overestimation of the probability of longer excretion. In contrast, the
data on subjects with a probable history of multiple LPV infections suggest much lower
excretion rates, with almost no subjects excreting beyond 21 days. The same observation
holds for subjects with a history of IPV and LPV. For subjects with 3 or more successful IPV
doses (and no LPV infections), two studies(?>: 89) show that over 50% excrete approximately
3 weeks after the challenge, while another(26) showed generally lower excretion rates and a
notable decrease between 7 and 21 days after the challenge. None of the studies with direct
comparisons between IPV-only vaccinees and fully susceptibles following either mOPV or
tOPV challenge show longer excretion for IPV vaccinees,(19: 24, 25, 56, 60, 63, 64) and one
explicitly reports a clear lack of significant differences.(19

Average time until the last positive stool specimen—Table 6 summarizes data from
studies that allow the estimation of the average time until the last positive stool specimen
among excretors, instead of the proportions fecally excreting over time (shown in Figure 5)
that include both excretors and non-excretors. These data provide a more direct measure of
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the duration of excretion, although they lack information about the kinetics of excretion.
However, the estimated averages depend on the: 1) frequency of stool specimen collection
(e.g., more frequent collection means longer duration estimates given greater sensitivity of
detecting excretion and shorter intervals between the last positive and first negative
specimen), 2) time of first specimen collection (e.g., earlier implies detection of a higher
proportion of short-duration excretors, leading to shorter duration estimates), 3) time of last
specimen collection (e.g., collecting specimens further out in time leads to a longer average
time of the last positive specimen), 4) duration estimates for the latent period before
excretion starts (e.g., presumably no studies account for this, although not all studies report
these details), and 5) whether averages include durations of 0 for non-infected subjects.
Focus on the time until the last positive stool specimen ignores the latent period before the
first positive specimen and the period of excretion after the last positive specimen. Despite
these limitations, Table 6 clearly shows the longest average durations among fully
susceptibles, similar or shorter average durations among recipients of 2 or 3 IPV doses, and
the shortest average durations among previously LPV-infected excretors. The data from
Parent du Chatelet et al. (2003)(7) include only seropositive subjects, but this study
represents an outlier (i.e., among previously LPV-infected subjects), possibly because the
late day of first specimen collection (i.e., day 7) may have missed a number of short duration
excretors. The 3 studies that include both fully susceptible and IPV-only arms suggest a
somewhat shorter average duration of excretion for IPV-only vaccinees than for fully
susceptibles.(24 25.68) Among those, the study by Ghendon and Sanakoyeva (1961)(24)
reports the largest difference, but as discussed previously for relative susceptibility, the focus
on seropositive IPV recipients at time of challenge compared to seronegatives in the
susceptible arm introduces a possible bias towards inclusion of more individuals with
previous secondary OPV infection(s) in the IPV-only group. Tabulated data from Plotkin et
al. (1959)®5) suggest a somewhat shorter duration of excretion for maternally immunes
compared to fully susceptible despite the 10-fold larger average dose administered to
maternally immunes. However, this study challenged subjects sequentially with different
serotypes of OPV candidate strains, which could have truncated excretion disproportionately
between the two immunity states.

Some results not meeting the inclusion criteria nevertheless provide complimentary data. For
example, Gelfand et al. (1959)“6. 47) (excluded due to limitations N and Q) estimated
average time until the last positive stool specimen of 20.5, 20.6, and 38.6 days following
challenge with mOPV1 (n=24), mOPV2 (n=17), and mOPV3 (n=20), respectively, among
subjects with varying antibody levels (including many with < 1:10), which resulted from 3
IPV doses administered between 1 and 2 years before the challenge in the documented
absence of natural immunity.

They also report average times of 4.5, 4.6, and 3.5 days between the last positive and first
negative stool for PV1, PV2, and PV3, respectively, and an average time between challenge
and first positive stool of approximately 1.5 days for all serotypes combined, with no
apparent differences between serotypes. Challenge studies typically isolate the virus from
the highest proportion of subjects approximately one week after the challenge, with a
substantial fraction of isolations occurring before day 7 (Figure 5). However, early isolations
may represent viruses that merely passed through the alimentary tract without replication,
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while excretion of larger amounts of virus following replication in the alimentary tract
typically begins three or more days after the challenge.(32) Thus, using the time until the first
positive stool as an indicator of the latent period may lead to an underestimate of the actual
latent period between ingestion of virus and infectiousness to others. Similarly, the period of
infectiousness to others may not equal the detected duration of fecal excretion (see further
discussion of infectiousness below).

Concentration of virus excreted in feces

Definitions and criteria for concentrations of virus in feces—We review the data
on the concentrations of fecally excreted virus for different immunity states. Quantification
of the concentration of virus typically involves titration of fecal samples, reported in CIDsg
or plaque forming units (pfu) per gram (g, equivalent to a cm?3) of stool, or in some cases
copy numbers derived from reverse transcriptase polymerase chain reaction (RT-PCR).

(61, 64) The conversion between these measures depends on specific laboratory methods and
therefore we note any measurements not provided in the most commonly used measure of
CIDsg/g. As with the length of excretion, we distinguish data on the average concentration
of virus (geometric mean titers, equivalent to mean of log titers) over all positive samples
reported at each specimen collection time, or data on the cumulative average concentration
of virus over the entire sampling period.

Given the paucity of data, we include studies that covered only one specimen collection time
or challenged subjects with tOPV, and we exclude only studies with fewer than 10 subjects
in relevant study arms (limitation D), no information about recent immunity states
(limitation N), and those with results lumped across exposure histories (limitation O).

A total of 9 studies(24-26. 41,52, 62, 69, 78, 88) meet the inclusion criteria for the concentration
of fecal excretion over time or as a cumulative average, with no data for maternally immunes
or 1 successful IPV dose (Table 7). Given a number of studies with relatively few limitations
that report titers for multiple recent immunity states, 4 25.62) the evidence for fully
susceptibles and fully immunized LPV or IPV recipients remains high with respect to design
and consistency and moderate with respect to relevance, with an overall grade of moderate.
These studies do not cover the IPV and LPV immunity state, which receives a low overall
grade.

Fecal virus titers over time—Figure 6 shows data from the 6 studies(41: 52, 69, 78, 84, 88)
that report virus titers over time, all based on mOPV challenges. One potentially important
limitation not captured in Table 2 and the grading process relates to the calculation of
geometric mean titers and whether they include results from negative specimens, which
studies typically do not report. Mathematically, the geometric mean becomes 0 if at least one
element equals zero. Thus, investigators may either 1) exclude negative specimens from their
geometric mean titer calculation, 2) include negative results as equal to the lowest dilution
tested (i.e., typically 102 CIDsp), 3) include negative results as 0 log CIDsg = 1 ClDs;.
Given that in many instances investigators do not report how they handled negative
specimens in their calculations, we face uncertainty about the interpretation of reported
geometric mean titers. For 3 studies,®2 69 88) we calculated mean titers from tabulated data

Risk Anal. Author manuscript; available in PMC 2021 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tebbens et al.

Page 20

and we did not include negative results. For 3 other studies, (4 78.84) we could not determine
whether the apparent decrease in titers represents an artifact of inclusion of negative results
in the calculation of mean titers. For 1 study(®4) with a rapid decline in titers over time and
relatively very low values, we suspect that the averages may include subjects not excreting at
a given time point as a 0 log value, although based on excretion curves for individual
subjects some decline occurred out in time even among positive isolates. For the study by
Piirainen et al. (1999),(6% when we exclude negative results we find no significant decrease
in mean titers after day 14, consistent with the observed titers over time in a study of elderly
subjects with various immunological event histories.(89) The study by Sabin et al. (1963)(2)
includes only 2 of 10 challenged subjects excreting at the last time point (10 days). Peak
geometric mean titers in Figure 6 range from 103 to almost 107 CIDsg/g, with low titers
observed initially and peak titers between approximately 5-15 days. The low initial titers
may reflect viruses that merely pass through the alimentary tract without establishing
infection. The data from Swartz et al. (2008)(78) show unusually high concentrations of
excreted viruses, with maximum reported titers of 107-” CIDsq/g for one subject despite
receipt of 2 or 3 tOPV doses prior to the challenge in addition to 2 or 3 elPV doses. In
general, the large variation between studies with similar immunity states in titer values in
Figure 7 suggests substantial measurement errors, variability in laboratory methods, and/or
variability in the calculation of geometric means. One study comparing IPV-only vaccinees
and fully susceptibles finds no important difference between the groups, even when only
considering IPV vaccinees with high pre-challenge serum antibody titers.(41) Nevertheless,
Figure 6 does not include enough data to establish a lack of effect of IPV on excreted virus
titers.

Cumulative mean fecal virus titers—Table 8 summarizes results from 7

studies(24-26, 52, 62, 69, 88) that report cumulative mean virus titers of isolates obtained over
the sampling period, all including only positive samples. Looking across immunity states,
the collective data on a log scale suggest little or no difference in titers between fully
susceptibles and individuals with IPV-induced immunity. However, studies that directly
compared these found approximately 0.5 logs (i.e., 3-fold),(62) a little over 1 log (11-fold),
(24) and approximately 1.2 log (16-fold)(2®) lower titers for IPV-only vaccinees compared to
fully susceptibles. Another study using RT-PCR found geometric mean copy numbers of 627
and 155 for fully susceptibles and IPV vaccinees, respectively.(®4) Subjects with a history of
LPV exposure clearly show lower average fecally-excreted poliovirus titers, with roughly 3
log (1000-fold)@4 and 2.3 log (200-fold)(5) lower values for previously LPV-infected than
fully susceptible individuals in studies that provide direct comparisons. Consistent with the
greater effect of OPV on titers, Onorato et al. (1991)(26) reported a 0.7 log (i.e., 5-fold)
difference between subjects fully vaccinated with OPV compared to IPV.

In addition to the data from Figure 6 and Table 8, Henry et al. (1966)(® and Dick et al.
(1961)“D) report the proportion excreting at high titers (i.e, 104 CIDsq or more) as a function
of time. These data reflect the combined effect of both reduced excretion proportions and
lower titers over time and indicate increasingly important differences in overall virus output
between groups of susceptibles and immunes as a function of time.
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Duration and concentration of oropharyngeal excretion

We review the data on the total oropharyngeal virus output for recent immunity states by
considering studies that report oropharyngeal excretion at 2 or more throat specimen
collection times, average duration of oropharyngeal excretion, or mean titers of positive
isolates. Given the paucity of data, we exclude only studies that provide no information
about recent immunity states (limitation N) or provide only results lumped across exposure
histories (limitation O). although we continue to let these critical limitations affect evidence
grading (Table 1).

Table 9 lists the available studies for each recent immunity state, which includes only 3
studies.(?6: 41. 74) Gijven the limitations of these studies, the weight of the evidence remains
low for fully susceptibles, 3 or more successful IPV doses, and 2 or more LPV infections,
and very low for all other immunity states. However, the evidence suggests very low
probability of oropharyngeal excretion for any type of recent immunes, which implies less
importance of the distinction between IPV and LPV immunity states relative to the
distinction between seropositive and seronegative. Several studies that do not qualify for
characterization of our narrowly-defined recent immunity states nevertheless provide

informative data on oropharyngeal excretion by seroimmunity status(3% 42 44) or otherwise.
(46, 47)

Dick et al. (1961)“D detected 104 CIDsq or more poliovirus from throat specimens 10 days
after the challenge in all 3 oropharyngeal excretors among a group of 11 susceptibles, which
continued for one individual for over 14 days (the last specimen collection time). Based on
these few excretors, the average duration of detectable oropharyngeal excretion may exceed
10 days for fully susceptibles. In contrast, they found no poliovirus in the throat swabs from
any of the seropositives with either IPV vaccination or natural LPV infection.41) Onorato et
al. (1991)(@®) isolated poliovirus from pharyngeal swabs in only one of 93 IPV vaccinees
(including 0 among 48 challenged with a low dose of 1027-10%9 CIDsp) until 7 days after
the challenge. They isolated poliovirus from pharyngeal swabs from 2 of 79 OPV vaccinees
(including 0 among 34 challenged with a low dose of 102-7-102-9 CIDsg) until 7 days after
the challenge and from an OPV vaccinee only on day 42. Horstmann et al. (1959)(74) present
examples of oropharyngeal excretion patterns from a subject with only IPV-induced
immunity (2 or more doses) and a subject with a recent LPV infection after a likely history
of more LPV infections, which suggested that the recently LPV infected subjects in this
study did not excrete from the oropharynx. In contrast, the recently IPV-vaccinated subject
excreted for 10 days at titers between 102 and 104 CIDgg/ml.

Plotkin et al. (1960)(43) isolated poliovirus from the oropharynx much more frequently
following challenge doses of 108 CIDs; or more compared to lower challenge doses among
maternally immune or fully susceptible infants. Gelfand et al. (1959)(“®: 47) similarly found
an important impact of the challenge dose on oropharyngeal excretion among children with
a history of IPV and most likely no LPV infection. While only 17% (5/29) of the subjects
receiving 103-6-1058 log CIDs excreted virus detected in pharyngeal specimens, 67%
(20/30) of the subjects receiving 107-1-1073 log CIDs excreted virus detected in pharyngeal
specimens. For all subjects combined, the estimated average time until cessation of
oropharyngeal excretion ranged from 5.7 days after mOPV2 challenge to 10 days after
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mOPV3 challenge. In a study involving older children, Glezen et al. (1966)(39) isolated
poliovirus from 21% (6/29) of children aged 5-9 years with pre-challenge antibody titers of
1:8 or less at 3 or 7 days following an mOPV1 challenge. Only 5% (3/63) of children with
antibody titers exceeding 1:8 excreted from the oropharynx. A similar study found that 59%
(35/59) of children aged 5-9 years with pre-challenge antibody titers less than 1:8 excreted
PV1 from the oropharynx following tOPV challenge, but only 2% (2/98) excreted PV2 or
PV3. Only 2% (26/1349) of children aged 5-9 years with antibody titers of 1:8 or more
excreted any type of poliovirus from the oropharynx. Siegert et al. (1963)(“4) isolated
poliovirus from oropharyngeal samples of 87% (13/15) of seronegative children until on
average 12.8 days after mOPV1 challenge, with 62% (8/13) of children still excreting at the
time of the last throat specimen collection 18 days after the challenge. In addition, 77%
(13/17) of seronegative adults excreted on average until 7.6 days after the challenge, with
23% (3/13) still excreting at 18 days. The study also reports a rapid increase in titers of
oropharyngeally excreted viruses by all seronegatives from 1023 CIDsp/ml in oropharyngeal
swabs obtained 2 days after challenge to 1043 CIDsg/ml in throat washings obtained 6 days
after challenge. Among subjects of all ages with antibody titers of 1:4 of more, 28% (14/50)
excreted from the oropharynx until an average of 3 days after the challenge. The high rates
and long duration of oropharyngeal excretion may reflect secondary spread of the virus
given that 71% (12/17) of contacts of challenged subjects excreted virus from the
oropharynx at 18 days after challenge, including only one who also excreted fecally at that
time.

Waning of host immunity to poliovirus transmission

Relatively weak data exist to characterize the magnitude and dynamics of waning with
respect to mucosal and oropharyngeal immunity and excretion. Nonetheless, models must
characterize changes that occur in susceptibility and total virus output given infection over
time due to waning in the absence of successful vaccinations or LPV infections. Much of the
literature assesses waning of systemic immunity, and consequently we start by summarizing
key studies on poliovirus antibody kinetics. We then review OPV challenge studies that
provide excretion data for subjects historically infected with an LPV or successfully
vaccinated with IPV.

Antibody kinetics—Ogra and colleagues studied the kinetics of poliovirus antibodies
extensively in a series of papers,(99-93) including the reconstruction of various short-term
antibody kinetics after a (single) primary infection or vaccination.(3) Briefly, IgM appears
in the sera within days after infection and disappears again in 2 to 3 months. 1gG appears
equally quickly in sera but persists longer, possibly for life. Serum IgA appears somewhat
later and resides in blood at somewhat lower titers compared to 1gG. While the serum
antibody response remains similar for IPV and OPV, only OPV induces significant duodenal
and nasal IgA, which presumably provide mucosal immunity. Data from Nishio et al. (1990)
(94) suggest a much shorter immunological memory of fecal IgA compared to serum IgG.
Buisman et al. (2008)(®®) showed that the presence of serum IgA in otherwise seropositive
elderly subjects with a history of IPV or natural infections strongly reduces the probability,
duration, and titers of fecal excretion. A related study based on the same trial found clear
evidence of memory immunity (i.e., an anamnestic response) in a fraction of seronegatives,
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although it did not significantly affect fecal excretion.(8%) While IPV by itself does not
stimulate production of duodenal or mucosal IgA, data from Herremans et al. (1999)(%6)
suggest that boosting with IPV in previously LPV-infected subjects can lead to a strong
mucosal IgA response.

Most studies on long-term antibody kinetics focus on antibodies in the sera. Bottiger (1990)
(7) investigated the long-term persistence of serum antibodies longitudinally in IPV-
vaccinated Swedish subjects who most likely lacked LPV exposure. They found that
following a booster IPV dose, geometric mean serum antibody log titers (using a reciprocal
value of 2 for seronegative results) decrease approximately linearly with time by
approximately 0.5-1 logs over a period of 11 years. In a setting of routine OPV use, the
longitudinal study by Faden et al. (1993)(9®) shows that geometric mean serum antibody
titers (using a reciprocal value of 10 for seronegative results) typically decrease by 0.7-1.3
logs over a period of 5 years in subjects with primary OPV only, primary elPV only, or two
mixed primary OPV-elPV schedules. The observed occasional increases in mean titers
presumably represent the effect of secondary OPV infections. They also report that the
antibody titers return to high levels following administration of a booster OPV dose to all
subjects at 5 years after the previous dose. Several of the OPV challenge studies (Table 2)
and serological surveys provide cross-sectional data on the persistence of antibodies after
vaccination, which show that antibody levels can drop below detectable levels in previously
LPV-infected or IPV-vaccinated subjects.(39: 89, 94, 95,99-103) Other cross-sectional
serological data confirm the decrease both in the proportion of seropositive subjects and
mean antibody titers as a function of time since the last vaccination.(103-106)

OPV challenge studies involving subjects with partially waned immunity to
poliovirus transmission—While the antibody kinetics and persistence remain relatively
well-documented and data exist on the relationship between antibody titers and excretion
(see next section), direct data on excretion as a function of time since the last exposure event
remain very limited. The ideal study designed to establish this relationship would follow
subjects longitudinally in an LPV-free setting and challenge different arms of subjects at
different times following documented successful vaccination and infection. The only OPV
challenge study that provides results of challenge for different times after primary
vaccination in a longitudinal design unfortunately includes too few subjects to draw direct
conclusions about the relationship between excretion and time since entering immunity
states (see Figure A2).(100) The limitations to address waning from OPV challenge studies
differ from those listed in Table 1 related to characterizing recent immunity states,
particularly related to the design and assignment of study arms to immunity states (i.e.,
relevance). However, given the lack of studies that provide direct evidence of the impact of
waning on excretion, the weight of the evidence from OPV challenge studies remains low to
very low for waning. Nevertheless, data on excretion by age and serologic status among
older children and adults provide some insights into the effect of waning on excretion.

Table 10 summarizes the evidence from OPV challenge studies for characterizing waning of
immunity. Clearly, subjects of all ages with histories of either IPV or LPV regularly become
infected and can excrete large concentrations of virus in feces for extended periods of time,
as do subjects in recent immunity states. Seropositivity, defined according to different
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thresholds across studies, affects the probability and duration of excretion,(44: 89, 107, 108)
although its effect on virus titers emerges clearly from only one study,*4) while others
reported no clear-cut effect.(39: 42, 89, 108) \\ee emphasize that given the age of subjects and
study settings, all results reported in Table 10 may involve subjects with a history of natural
LPV infection(s) in addition to recorded vaccination and some may have experienced recent
LPV infection(s). The seronegative or low antibody titer groups may include both fully
susceptible subjects and subjects with an IPV and/or LPV history whose antibody titers
declined to very low levels. Seronegative subjects with memory immunity exhibit an
anamnestic response if infected, which could reduce excretion compared to true
susceptibles. In this context, two studies(4 198) that stratified by age report less excretion
among seronegative adults compared to seronegative children. The difference emerges
particularly clearly in terms of duration of excretion. This may reflect the fact that
seronegative children included relatively more truly susceptible subjects, while the
seronegative adults included relatively more historically LPV-infected subjects with waned
antibodies. Another study(99) not included in Table 10 because of the low numbers of
subjects per arm, also shows a notable decrease in duration of excretion by age despite
controlling for pre-challenge serum antibody titers.

One study4) reports a similar difference by age among seronegatives with respect to
oropharyngeal excretion, suggesting that memory immunity reduces oropharyngeal
excretion. Two other studies( 42) reporting the results of oropharyngeal excretion among
IPV-vaccinated children aged 5-9 years and likely exposed secondarily to OPV suggest that
historic immunity significantly reduces the probability of oropharyngeal excretion.
Unfortunately, no studies address excretion among subjects with a history of IPV
vaccination but without a probable history of LPV infection(s). Thus, no data exist to
support or reject hypotheses about whether the limited mucosal immunity provided by IPV
further decreases with time in the absence of booster vaccinations or LPV infections and
whether waning of IPV-induced immunity affects oropharyngeal excretion.

Factors affecting susceptibility, excretion, and transmission

Numerous factors impact susceptibility, excretion, and transmission, and our ability to
characterize them for the recent immunity states. Given the scarcity of data from studies that
meet the inclusion criteria in Tables 3, 5, 7, and 9, we also consider evidence from excluded
studies that nevertheless provide relevant data on the specific issues discussed in this section.

Effect of serum antibody titers and multiple infections or successful
vaccinations on excretion pattern—The data on the probability, concentration, and
duration of excretion remain inconclusive about whether an inherent effect exists of the
second LPV infection or third successful IPV dose. Numerous OPV challenge studies
provide direct comparisons between different numbers of doses, (24 25. 45, 60, 62,71, 72) p ¢
none of them present results stratified by responders to each individual dose. Therefore, we
cannot conclusively establish whether differences between groups reflect inherent
differences in immunity to poliovirus transmission derived from the additional dose, or
merely reflect the effect of the known better cumulative “take” with more doses.(14: 15)
Given the known effect of additional doses on serum antibody titers,(14: 33.100) the
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correlation between antibody titer and excretion represents a key relationship that affects
characterization of differences within the IPV and the LPV immunity states. As discussed in
the previous section, the relationship also potentially helps characterize the difference
between recent and historic immunity states. Table 11 summarizes findings from multiple
OPV challenge studies that provide some evidence about the relationship between serum
antibody titers and excretion.

While maternal antibodies may affect seroconversion, (32 43. 110) the role of maternal
antibody levels on excretion remains unclear. One study®? reported some effect of maternal
antibody titers on excretion of types 1 and 3, which could imply that the greatest
interference between tOPV types occurs in the absence of maternal antibodies. Another

study found no effect of maternal antibodies on virus excretion following a tOPV challenge.
(59)

We identified 8 studies that report a significant effect of the antibody titer following IPV
vaccination on the probability of fecal excretion, (25 39. 42, 44, 67, 78,107, 109) However, 6 of
these studies(39: 42, 44, 78,107, 109) prohably involved subjects with a history of LPV
infections in addition to IPV vaccinations, based on the age of subjects and timing and
setting of the study. One study among subjects probably not exposed to LPV suggests a
small, significant effect, with 74.8% (i.e., 116/155) of fractional dose IPV recipients
excreting mOPV1 compared to 63.1% (i.e., 99/157) of elPV recipients excreting and median
reciprocal PV1 antibody titers of 228 vs. 724 for the two groups, respectively.(”) Another
study(@® among likely IPV-only vaccinees (i.e., based on exclusion of children who excreted
between 2 months of age and the challenge) given 1037 CIDsy of virus or less reports 80%
(i.e., 24/30) of subjects with only a primary course of IPV excreting compared to 42% (i.e.,
11/26) of subjects that received a primary IPV course followed by an IPV booster. The study
reports significantly higher antibody titers among subjects who received boosters, but we
note the relatively greater opportunity for subjects in the booster group for undetected LPV
infection, because its subjects received the challenge at 16 months compared to 6 months for
the primary course group. Moreover, the primary course group included seronegatives
(proportion unknown for those who received low-dose challenge) while the booster group
did not. No difference in the proportion excreting occurred between the two groups for
challenge doses exceeding 1037 CIDsp. Within the groups of primary and booster 1PV
doses, the study reported that children with “higher antibody titers tended to excrete
poliovirus for a limited period only,” (25 P-8) although this finding did not control for
potential differences in the challenge dose given to children with different pre-challenge
antibody titers. Two other studies(?6: 45) found no significant effect of antibodies on the
proportion excreting despite challenging some or all subjects at doses of 1038 CIDs or less
when one might expect a greater ability of neutralizing antibodies to prevent excretion.
However, one of these studies only reported the lack of effect for the low and high challenge
dose combined,(26) while the other study did not report enough excretors to detect any
significant effects.(4%) One study among subjects with maternal immunity or IPV-induced
immunity and relatively limited opportunity for natural LPV infection given young age
found no effect of antibody titer on the proportion excreting following mOPV challenge.(9)
The only study among IPV-only vaccinees conducted in a completely LPV-free setting found
a slightly higher proportion of subjects excreting type 2 and type 3 among 52 recipients of 2

Risk Anal. Author manuscript; available in PMC 2021 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tebbens et al.

Page 26

elPV doses than among 72 recipients of 3 elPV doses, with higher median antibody titers in
the 3-dose group (304 vs. 197 for type 2, 858 vs. 723 for type 3, equal median titers for type
1).(62) Studies designed to test the relationship between antibody levels and the probability
of excretion among subjects with a probable LPV infection history typically found a clear
effect.(39. 42, 44, 102, 107, 109) g|though interestingly some more recent studies do not confirm
this observation.(26. 78)

Studies that report an effect of pre-challenge titers on the duration of fecal excretion
typically involved subjects with a probable LPV history, (3% 44,107, 109) although two studies
among subjects with confirmed LPV history failed to detect a significant relationship.(2>: 26)
For example, Pagano et al. (1964)(197) report a gradual decrease in estimated average
duration of fecal excretion of CHAT1 virus from 6.7 weeks (for 13 children with pre-
challenge titers of 1:10 or less) to 1.2 weeks (for 2 infected children with pre-challenge
antibody titers of 1:1,250). More uncertainty exists related to the impact of exclusively IPV-
induced antibody titers on duration of excretion. Piirainen et al. (1999) observed a “low
degree (r = 0.17+0.45) of negative correlation ... between the prechallenge antibody levels
and the length of excretion.”(®9. P-1088) Onorato et al. (1991) report “no relation between
pre-challenge [geometric mean titer] and duration of shedding” (6. P-3) in either OPV or IPV
vaccinees.

A few studies address the relationship between pre-challenge serum antibody titers and virus
titers in feces. Glezen et al. (1969) found “no relationship of the preexisting homotypic
antibody titers to the quantity of virus in a positive stool” (42 P- 152) jn subjects with probable
IPV- and LPV-induced immunity, although they reported poor sensitivity of their laboratory
procedure to quantify low-titer viruses. An earlier study by Glezen et al. (1966),(3% however,
showed a possible weak relationship, and a study by Siegert et al. (1963)(44) showed a
notable reduction in fecal virus titers with increasing pre-challenge antibody titers among
subjects with a likely LPV infection history. The only study that directly addresses the
relationship between pre-challenge antibody titers and excretion for exclusively IPV-induced
immunity reports an “even weaker, negative correlation ... between the prechallenge
antibody levels and the peak titres of excreted virus” than the already weak correlation
between pre-challenge titers and duration of excretion.(69. P- 1088) Resylts from Henry et al.
(1966)(2) suggest that high-titer excretion might occur slightly less frequently among
subjects who received a primary course of IPV with a booster than among subjects who
receive only the primary course of IPV.

Summarizing the data from Table 11, for a history of LPV exposure it appears that higher
antibody titers correlate with a lower (relative) susceptibility and shorter durations of
excretion. The studies remain inconsistent with respect to the impact of LPV-induced
antibody titers on the concentration excreted. For people with exclusively IPV-induced
immunity, most likely no effect exists of pre-challenge antibody titers on (relative)
susceptibility or concentration of virus excreted, while a small effect on the duration of
excretion could exist. Better quantification of the effect for both LPV and IPV-induced
antibodies would help characterize differences in relative susceptibility between and within
immunity states, as well as waning of immunity to poliovirus transmission.
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Serotype differences in excretion patterns—The data in Table 4 from studies that
used tOPV challenges show clear differences in relative susceptibility between the serotypes,
but due to the effect of strain interference in the vaccine we cannot attribute the observed
differences to inherent serotype differences. All but one of the mOPV challenge studies
included for relative susceptibility used mOPV1, with only Parent du Chatelet et al. (2003)
(73 providing data for mOPV3, which makes it impossible to compare serotypes. However,
all of the data from excluded studies from Tables 3 and 4 that included arms with different
monovalent challenges suggest comparable absolute susceptibility for each serotype across a
range of broad pre-existing immunity categories (Table 12). The only studies that show
notable differences in susceptibility and fecal excretion involve sequential administration of
mOPV1, followed by mOPV3, then mOPV?2 at 3- or 4-week intervals, when serotype
interference remains possible.(81. 84, 108)

None of the studies listed in Table 6 that allow estimation of the average time until the last
positive stool specimen provide comparisons for different mOPV serotype challenges. One
study among subjects with a history of IPV and likely no LPV infection found clearly higher
average durations until the last positive stool specimen after mOPV3 challenge (38.6 days)
compared to mOPV1 (20.5) or mOPV2 (20.6) challenges.6: 47) However, the study found a
different pattern among family contacts with similar immunological event histories, with an
average of 17.5 days for type 1, 25.7 days for type 2, and 24.9 days for type 3. Two
studies(19: 33) that include separate challenge arms for each serotype found no notable
difference in the probability of excretion over time (Figure Al). Virus titers looked
somewhat higher for type 1 compared to type 3 in one study,®4 but very similar for all three
serotypes in another (Figure 6),(88) Glezen et al. (1969)“2) reported a markedly higher
frequency of virus isolation from the throat for type 1 compared to types 2 and 3 following a
tOPV challenge despite controlling for pre-challenge antibody titers, perhaps due to the high
type 1 OPV content (106 CIDsp).

Effect of challenge dose on excretion pattern—All OPV challenge studies share the
limitation that they expose subjects artificially using an orally ingested attenuated virus
(limitation P). Natural exposures may involve different amounts of ingested virus (probably
on the order of 103 CIDs0)(111) and different media (i.e., contaminated food, aerosol
droplets). Five of the 66 OPV challenge studies provide data on the proportion excreting
(i.e., absolute susceptibility) as a function of challenge dose, and they show a positive
correlation in each immunity state (Figure 7a),(25: 26. 46,47, 74) except for one study that does
not reveal a consistent trend.(>%) One other study among previously unvaccinated young
infants did not find a significant trend in the range of 10% to 10® CIDs (data not shown in
Figure 7a because actual titers not reported).(3) A closer look at the data from Henry et al.
(1966)(25) shows that relative susceptibility increases as a function of the dose for the
immunity state “2 or more LPV infections,” but not for the immunity state “3 or more
successful IPV doses” (Figure 7b). Based on small numbers of subjects for each challenge
dose, these data suggest that the lack of effect of IPV on susceptibility remains valid for low
doses of exposure, while LPV-induced immunity provides better relative susceptibility to
low exposures compared to high exposures.
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The study from Onorato et al. (1991)(26) suggests a significant decrease in duration of
excretion with decreasing mOPV1 challenge dose, but found “no relation between challenge
dose and titer of virus shed in stool.” (26. P-3) Tabulated data from Plotkin et al. (1959)(5)
suggest a slightly longer average time until the last positive stool specimen for 35 subjects
(71% with maternal antibodies > 1:8) receiving a dose of 106-2-107-5 CIDs (mean log of
6.9) compared to 44 subjects (66% with maternal antibodies > 1:8) receiving a dose of
101558 CIDg; (mean log of 4.3). Hortsmann et al. (1959)(74) isolated viruses from stool
through day 13 after challenge of 8 subjects immune from LPV infection(s) challenged with
1054 or 1074 CIDsg of mOPV1. However, they isolated no virus beyond day 7 after
challenge for a similar group of 8 subjects given 1024 or 1034 CIDsg of mOPV1, and none
of these subjects exhibited a rise in antibody titers. Henry et al. (1966)(2%) also challenged
subjects with different doses, but we could not reconstruct excretion patterns over time for
the different doses from the reported results. Gelfland et al. (1960) reported that “there
appeared to be no relationship between duration and ... the size of the infecting dose”

(47, p. 2042) smorodintsev et al. (1959)(112) noted no apparent relationship between excreted
virus titers and vaccine dose over 10* CIDsp, but a notable decline at lower doses. Overall, it
appears that the dose of the exposure represents an important determinant of the probability
of infection, and that it may have some effect on duration and concentration of fecal
excretion. Plotkin et al. (1960)(43) and Gelfand et al. (1959)(46. 47) demonstrated a clear
effect of the challenge dose on the probability of oropharyngeal excretion, but the OPV
challenge studies provide no clear evidence of a relationship between dose and duration or
concentration of oropharyngeally excreted virus.

Anamnestic response—The presence of an anamnestic response may affect how rapidly
previously infected or vaccinated individuals can clear the virus upon subsequent exposure.
Evidence of an anamnestic response for poliovirus infection explains the shorter duration of
excretion among infected individuals in the LPV immunity states compared to subjects in
other immunity states (Table 6) and could affect the duration or concentration of immunity
for seronegative individuals primed with IPV or with memory immunity (Table 10). Further
study of the conditions that lead to the ability of immunes to exhibit the anamnestic response
would improve our ability to characterize differences in immunity to poliovirus transmission
between immunity states and its precise effect on duration and concentration of excretion.

Cut-off level of infectiousness—Estimates of the duration of fecal excretion depend on
the ability of laboratory methods to isolate virus from stool specimens and these varied
across studies and improved over time (Table 2). However, the cut-off level of excretion that
determines individual infectiousness to others may differ from laboratory detection levels.
Therefore, the duration of actual infectiousness may differ from the measured duration of
excretion. The OPV challenge studies we reviewed typically use laboratory procedures
capable of detecting 102 CIDs of virus per g stool.(>% Based on limited data from
developed countries, the virus exposure necessary to infect a significant proportion of
susceptible contacts remains below 10° CIDsg, but the relationship between excreted virus
and actual exposure of contacts depend on total fecal and oropharyngeal output (i.e.,
(milli)grams of stool, milliliters of oropharyngeal excreta) and the environmental fate of
excreta.(111) Frequent isolation of very low titers of virus may imply that the duration of
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fecal excretion overestimates the duration of infectiousness. The distinction between
measured excretion and infectiousness to others extends beyond estimation of the inherent
individual states of immunity to excretion. We further discuss the transmission aspects of
immunity in the following subsections.

Relationship between concentration of virus excreted and infectiousness to
others—The concentration of virus excreted probably affects infectiousness to others.
Directly measuring the relationship between the concentrations of virus excreted and
infectiousness represents a challenge given that we cannot control excretion concentrations
or easily trace person-to-person transmission. However, this relationship represents a key
factor that determines the dynamics of poliovirus spread and the impact of vaccination.
Consequently estimates of the relationship between titers and infectiousness tend to rely on
inference from experience.

Relative susceptibility, duration, and concentration of virus excretion for recent immunity
states, and waning in each of the immunity states together fully characterize the level of
immunity to excretion. However, the extent to which infected individuals in different
immunity states participate in transmission depends not only on the extent of excretion, but
also on behavioral and environmental factors, such as contact patterns, personal hygiene, and
ability of poliovirus to survive in different media (e.g., fomites, food, aerosol droplets).
Thus, to characterize the infectiousness of individuals excreting at different titers, we must
also consider the environmental conditions.

Dowdle et al. (2006)(111) report substantial variation in human infectious doses (IDsg,
“defined as the concentration of virus producing infection in at least one-half of test
subjects™) across studies with Sabin OPV strains and other attenuated candidate OPV
strains. Some other studies reported excretion rates using a specific threshold (e.g., 102 or
104 logy CIDsq per gram of stool) that the authors hypothesized as relevant to
infectiousness to others.(2> 41) Plotkin et al. (1960b)(113) report that index children excreting
more than 104 C1Dsg/g (based on a single stool) infected43% (12/28) of susceptible family
contacts, while index children excreting less than 103 CIDsg/g infect 16% (2/12) of
susceptible family contacts. While this suggest a correlation between excreted virus titers
and infectiousness, significant uncertainty exists with respect to the shape of the relationship
and our understanding of what constitutes “infectiousness” for different routes of
transmission.

Relative contribution of fecal-oral versus oropharyngeal transmission in
different settings—Characterizing the infectiousness of different titers of excreted virus
becomes even more complicated when we consider different routes of transmission, and the
route may matter given the differential immunity to fecal versus oropharyngeal excretion
provided by IPV. Fecal-oral transmission may occur person-to-person via hands, water/food,
and/or fomites, while oropharyngeal transmission may occur directly from person-to-person
or via fomites. Thus, sanitation, water quality, and personal hygiene play a relatively greater
role in fecal-oral transmission, while personal interactions may represent a more important
factor for oropharyngeal transmission. Studies from the pre-vaccine era and Virus Watch
Program shed some light on transmission routes.(46: 47, 80, 114-117) \while we did not

Risk Anal. Author manuscript; available in PMC 2021 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tebbens et al.

Page 30

comprehensively review this literature, the uncertain consensus from reviews(14 27, 111)
appears to suggest primarily fecal-oral transmission in high-transmissibility settings, with a
relatively greater role of oropharyngeal transmission in low-transmissibility settings. As
described above, the duration of fecal excretion appears much longer than that of
oropharyngeal excretion, which implies a potentially relatively longer exposure period for
the fecal-oral compared to the oropharyngeal route. Various studies document the presence
of WPV or OPV viruses following a challenge in sewage, privies, floors, external body parts
of infected subjects including hands, and flies.(6. 47. 118, 119) Gelfland et al. (1959)“6. 47)
documented infections of family contacts of index children fed mOPV both in the presence
and absence of oropharyngeal excretion by the index child, with a slightly higher rate of
secondary infections when the index child excreted detectable virus from the oropharynx.
They documented 6 infections among 15 extra-household contacts with a history of IPV and
no LPV when the index infection excreted from the oropharynx, but 0 infections among 3
similar extra-household contacts when the index infection did not excrete from the
oropharynx. However, due to the absence of data on excreted virus titers, we cannot
establish whether a possible correlation between fecal virus titers and oropharyngeal
excretion explains the greater spread from oropharyngeal excretors, or whether the
occurrence of oropharyngeal excretion by itself explains the greater spread. Gelfand et al.
(1959)(80) and others(117) hypothesize oropharyngeal transmission as a predominant mode
for interfamilial spread given the reduced occurrence of interfamilial transmission following
the introduction of IPV in the US and very limited effect of IPV on intrafamilial
transmission.(’%) Using candidate OPV strains, Plotkin et al. (1960b)(13) found viral spread
within 5 of 7 (71%) New Jersey families when the index child excreted from the oropharynx
and viral spread in 20 of 38 (53%) families when the index child did not excrete from the
oropharynx. To test whether oropharyngeal excretors coincided with subjects excreting more
virus from feces, they titrated one stool from each type 1 excretor during the second week of
excretion. 3 of 5 (80%) oropharyngeal excretors excreted fecal virus at titers of over 10*
CIDsg/g compared to 6 of 12 (50%) subjects who did not excrete from the oropharynx. Due
to the low numbers of titrated stools and the compounding effect of oropharyngeal excretion
and fecal virus titers, the role of oropharyngeal excretion remains uncertain even in
relatively low poliovirus transmissibility settings. The experience in the US and other
countries suggests that the IPV-induced combined reduction in susceptibility and
concentration of virus excreted from the oropharynx led to some level of herd immunity

given that unvaccinated people also benefitted from the introduction of IPV in 1955.
(15, 117, 120-122)

Effect of strain differences on excretion and transmission—Relative
susceptibility and excretion patterns could also differ between attenuated and non-attenuated
(i.e., wild or vaccine-derived) polioviruses. Given that no practical or ethical feasible study
design exists to directly compare exposure to OPV and WPV, we can only rely on limited
evidence from Jn vitro studies on virus properties(19 56. 57, 83, 123) and observations from
field studies. Studies reporting WPV excretion among both susceptibles and IPV-vaccinated
and/or previously LPV-infected contacts of index infections yield relative susceptibility
estimates comparable to those based on OPV challenge studies (Table 13).(79, 114-116, 124y
However, these comparisons remain inconclusive, because the serotype, dose, timing, and/or
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fraction of subjects exposed differs between WPV excretion and OPV challenge studies.
Studies examining excretion patterns for OPV and OPV-derived viruses (i.e., after one or
more human passages) found no evidence of differences in duration and concentration of
virus excretion between fully attenuated and some partially reverted OPV viruses.(#6. 47, 123)
Thus, we did not identify any direct evidence to reject or confirm differences in relative
susceptibility and excretion patterns with respect to strains.

Transmissibility of OPV vs. WPV—Fine and Carneiro (1999)(28. 125) reviewed studies
of attack rates following documented infection of index patients. Table 14 summarizes some
results from selected studies. Infection rates among contacts of an index infection depend
heavily on the immunity state of the contacts, which complicates comparison across studies.
To control for the immunity state of contacts, we focus on those studies that report infection
rates among likely fully susceptible or only IPV-vaccinated contacts of index infections (i.e.,
secondary attack rates). Comparing estimates across studies nevertheless remains
problematic given the widely varying settings (e.g., family, institution, community),
methods, and assumptions. The general pattern that emerges from Table 14 suggests
somewhat lower proportions of susceptible contacts infected from index OPV infections
compared to WPV infections. Although Table 14 focuses on secondary attack rates, some
studies reporting overall attack rates yield relevant insights. For example, Benyesh-Melnick
et al. (1959)(126) gave OPV to index family members and found that 7% of 227 family
contacts of all ages and 47% of 72 contacts aged 5 years or less excreted the vaccine virus
and thus showed evidence of intrafamilial transmission, but none of 38 community contacts
(i.e., subjects without a family contact to an OPV recipient, including 16 children aged 5
years or less) excreted vaccine virus. Sabin et al. (1961)(27) detected polioviruses among
community contacts in various immunity states with and without vaccinated family
members, with a somewhat higher isolation rate among contacts of vaccinated family
members after widespread use of OPV. Thus, transmission of OPV occurs (almost) as
efficiently as WPV in close contact settings, but a greater difference may exist for
community spread, although to our knowledge no suitable WPV comparison exists.

DISCUSSION

This expert review provides an overview of the data available to characterize immunity to
poliovirus transmission in different immunity states in the context of developing inputs for
dynamic models of poliovirus transmission required to support risk and policy analyses.
Based on 66 OPV challenge studies, supplemented with other evidence, we summarized a
large amount of data related to poliovirus transmission and excretion. Despite the large
number of studies, we find one or more limitations in each study, which leads to only
moderate overall grades for the evidence for some topics and low and very low grades for
other topics. Thus, limited data exist to support quantification of some model inputs.

Among the topics we reviewed, we find the greatest weight of the evidence for relative
susceptibility, followed by the duration and concentration of fecal excretion. The available
data strongly suggest that LPV infection provides better protection from fecal excretion than
exclusive IPV-induced immunity provides. While LPV infections clearly reduce the
susceptibility, duration, and concentration of excretion in the feces upon subsequent
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exposure, IPV shows a very limited effect, if any, on susceptibility, and a moderate effect at
best on duration and concentration of excretion. Very few OPV challenge studies address
oropharyngeal excretion in much detail, although relatively strong evidence suggests that
good protection from oropharyngeal excretion exists both for recently LPV-infected and
IPV-vaccinated individuals.

The effect of waning of immunity on excretion remains very poorly represented in OPV
challenge studies, with no study adequately addressing the relationship between the time
since the last immunological event and excretion probability, duration, and/or concentration.
Nevertheless, the known decrease in antibody titers with time and the data available on the
effect of antibodies on excretion provide strong evidence that the time since the last
immunological event affects re-infection and excretion. Unfortunately, gaps remain in our
knowledge about whether antibody titers induced from IPV alone correlate significantly with
fecal excretion and about the relationship between antibody titers and oropharyngeal
excretion. All OPV challenge studies share the limitation of failing to provide a model of
natural exposure, and in this context the effect of challenge dose on excretion represents an
important consideration that clearly affects the probability of infection and possibly also
affects the duration of excretion and titers. No inherent substantial differences between
serotypes appear to exist with respect to excretion, although definitive data do not exist.
Differences in excretion and transmission of infection following WPV versus OPV exposure
may exist, but they remain difficult to study given the ethical and practical impossibility of
comparing both in the same study. Further study of the nature and likelihood of an
anamnestic response for different exposure histories and its quantitative effect on
susceptibility and excretion would help characterize the variability in excretion patterns
within immunity states.

Based on the data reviewed, the set of 8 immunity states appears to cover the most important
inherent differences in immunity, variability within immunity states notwithstanding. Some
of these immunity states might behave similarly with respect to one or more aspects of
immunity to poliovirus transmission (e.g., fully susceptibles and maternally immunes, all
IPV-only states, all states involving LPV). However, the relationship between antibody titers
and immunity to poliovirus transmission suggest some difference between the states of 1 and
2 or more LPV infections given that more infections lead to higher antibody levels.
Similarly, the effect of multiple IPV doses on serum antibody titers may also lead to
differences between the IPV-only states, although the existence of a relationship between
exclusively IPV-induced antibody titers and immunity to poliovirus transmission remains
inconclusive. If no such relationship exists, then recent 2 IPV and 3 or more IPV states
would behave similarly, although addition of the third successful IPV dose could affect
antibody persistence and oropharyngeal immunity. Given the limited effect of IPV on fecal
excretion, the mixed IPV and LPV state may behave similarly to the LPV-only states in
terms of fecal excretion. If one assumes no effect of IPV added to LPV, than logically the
IPV and LPV state becomes redundant and individuals with a mixed history would reside
either in the 1 LPV or 2 or more LPV immunity states, which violates our assumptions that
all mixed IPV and LPV states remains essentially the same. However, it appears that IPV
can boost mucosal immunity in previously LPV-infected individuals(®® so that IPV and LPV
become equivalent to 2 or more LPV in terms of mucosal immunity. Moreover, the addition
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of successful IPV affects serum antibody titers and possibly also persistence and
oropharyngeal excretion. Therefore, we believe that models should at a minimum include an
IPV and LPV state when appropriate to test the sensitivity to assumptions about the effect of
adding IPV.

The relationship between excretion and infectiousness to others remains a major area of
uncertainty. The relative contribution of oropharyngeal excretion in various developing
country settings may drive the ability of IPV to stop or reduce transmission in those settings.
With new technologies that reduce the costs of IPV under development, (128, 129) |py/
represents an important option because it offers relatively higher seroconversion rates in
poor hygiene settings compared to OPV.(14. 15. 23, 130) Even if fecal excretion dominates, the
possible small reduction that IPV produces in excreted (log) virus titers in feces could affect
transmission at the population level. However, this depends entirely on the highly uncertain
relationship between excreted virus titers and the probability of infecting others. The best
data to inform IPV decisions could derive from relatively large, controlled studies, although
small scale studies of excretion and transmission might help reduce uncertainty as well.

Despite the sufficient evidence to draw qualitative inferences in some areas of this review,
the limitations that we identified complicate derivation of quantitative estimates for model
inputs. Besides the fact that OPV challenge study results differ from natural exposure, the
most important and common limitations across the studies include: 1) the absence of
serological data to confirm the immunological event, 2) the possibility of undocumented
natural LPV infections, 3) interference between serotypes following simultaneous challenge
with 2 or more serotypes, 4) poor sensitivity of study design or laboratory methods with
respect to detecting excretion, and 5) lack of statistical power. Thus, even quantification of
model inputs for which data exist requires assessing the effect of these serious limitations on
the results, and this involves some amount of judgment. Dealing with these limitations
motivates the use of expert judgment to provide quantitative assessments of model inputs
and represent the scientific consensus.(!6) Our use of an iterative process for identifying the
limitations of the studies included in the review may have missed some limitations and
despite our efforts to ensure completeness and consistency, some inconsistencies may exist,
particularly due to the wide range of methods used over several decades. In addition, our
search may have missed some studies, and new evidence will continue to emerge.

We hope that this expert review will help the development of future risk models designed to
inform important policy questions and to better reflect the state of the scientific evidence.
Moreover, inclusion in the models of the uncertainty revealed during this process will help
policy makers appreciate the overall uncertainty involved in decisions. Finally, we expect
that by facilitating the identification of key sources of uncertainty, this expert review will
help guide research to reduce these uncertainties.(6)
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Refer to Web version on PubMed Central for supplementary material.
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LIST OF ABBREVIATIONS

We provide the following list of abbreviations for reference.

Ab
bOPV
ClIDsg
CDC
cVDPV
elPV
IgA

19G
IgM
1PV
iVDPV
U

LPV
MK
mOPV
mOPV1,2,3
NID
NA

NR
OPV
PCR
pfu

PV
PV1,2,3
RT-PCR
SES

SIR

antibody (generic term)

bivalent oral poliovirus vaccine

cell- or tissue-culture infectious doses

US Centers for Disease Control and Prevention
circulating vaccine-derived poliovirus
enhanced-potency inactivated poliovirus vaccine
immunoglobulin A

immunoglobulin G

immunoglobulin M

inactivated poliovirus vaccine
immunodeficient vaccine-derived poliovirus

international units

live poliovirus (i.e., WPV, OPV, OPV-related, or VDPV)

monkey kidney tissue culture

monovalent oral poliovirus vaccine (generic term)

monovalent oral poliovirus vaccine types 1,2,3, respectively

national immunization day

not applicable

not reported

oral poliovirus vaccine (generic term)
polymerase chain reaction

plaque-forming unit

poliovirus (generic term)

poliovirus type 1,2,3, respectively (generic term)
reverse transcriptase PCR

socio-economic status

susceptible-infected-removed
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VDPV vaccine-derived poliovirus (generic term)
WHO World Health Organization
WPV wild poliovirus (generic term)
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Figure 1: Immunity states used by Duintjer Tebbens et al. (2005)(3) to represent immunity to
poliovirus transmission from an “average” poliovirus serotype.*

Acronyms: IPV = inactivated poliovirus vaccine; LPV = live poliovirus

Notes:

* Arrows conditioned on “take” (i.e., successful IPV vaccinations or actual LPV infections).
** We scale the level of immunity to poliovirus transmission from low (fully susceptible) to
high (fully immune to poliovirus transmission), with the level of immunity to poliovirus
transmission calculated for this figure as the product of relative susceptibility, relative
infectiousness, and relative duration of infectiousness compared to fully susceptibles.(8) The
heights of boxes reflect the assumed uncertainty about the average level of immunity to
poliovirus transmission and the centers correspond approximately to the assumed base case
levels of immunity to poliovirus transmission.
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infections
f(exposure,
time since
infection n-1) :

waning v |LPV

Historic n
LPV i
f(time) !

Full set of immunity states in a world with only live polioviruses (LPVs) for one serotype
with the LPV arrows conditioned on “take” (i.e., actual infections, including successful OPV

vaccinations).
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n successful IPV
doses
f(vaccine, time
since dose n-1)

Historic n IPV
f(time)

Full set of immunity states in a world with only inactivated poliovirus vaccine (IPV) for one

serotype with IPV arrows conditioned on “take” (i.e., successful vaccinations).
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Figure 4:
Diagram of immunity states with waning, showing variability within groups as a function of

time since last exposure (but ignoring variability due to other factors) and with inactivated
poliovirus vaccine (IPV) and live poliovirus (LPV) arrows conditioned on “take” (i.e.,
successful IPV vaccinations or actual LPV infections).
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—&— FS, Dick (1961)*, mOPV1, n=11, low, AKPV
———FS, Drosdov (1960), mOPV1, n=16, medium, ABKPV
——FS, Henry (1966)***, mOPV1, n=44, low, GP

—¥— FS, Horstmann (1961), mOPV1&2&3, n=87, low, AKMPTUvW

——FS, Kucharska (1985), mOPV1, n=38, low, CKPR

—&—FS, Vacc. Adm. Subcom. (1966), mOPV1&2&3, n=801 low, AHKPUV

- - & -- M, Sutter (2010)***, mOPV1&2&3, n=503, high, BGKP
—e— |PV3, Henry (1966)**", mOPV1, n=84, low, GMP
—*—|PV3, Onorato (1991)", mOPV1, n=93, low, ABKPV
—+—IPV3, Piirainen (1999), mOPV3, n=45, low, BGP

-- 0 --LPV1, El-Sayed (2008), mOPV1, n=228, high, BFPQ

—8— LPV2, Henry (1966)**", mOPV1, n=49, low, GP
—— LPV2, Kok (1992), mOPV1, n=60, high, GKP
—&— LPV2, Onorato (1991)*, mOPV1, n=79, low, ABKPV

—— |PV+LPV, Sabin (1963), mOPV1, n=10 low, BKMPUV

7 14 21 28 35 42 49 56 63 70
Time after challenge (days)

Figure 5: Summary of data from monovalent oral poliovirus vaccine (mOPV) challenge studies
that report rates of fecal excretion for at least two pomts in time after challenge, by assigned
recent immunity state. (25 26. 41, 45, 51-53, 66, 69, 75, 81-85)

Acronyms: CIDgp/g = cell- or tissue-culture infectious doses; FS = fully susceptible; IPV3
= > 3 successful IPV doses; LPV1 =1 LPV infection; LPV2 = > 2 LPV infections; IPV
+LPV == 1 successful IPV doses and = 1 LPV infections; MI = maternally immune

Notes:

Legend indicates assigned immunity state, first author (year) with any applicable footnotes,
challenge vaccine, maximum number of subjects tested for excretion at any given specimen
collection time, poliovirus transmissibility setting, limitations applying to study results (see
Table 1 for limitation symbols)

* Study reports proportion of subjects excreting at 102 CIDs/g or more

N Combined results for different titers of challenge dose

** Proportion of subjects with positive sample at given day or later

*** Results from mOPV1, mOPV2, and mOPV3 arms combined
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CIDso/g)

Page 49

—8-FS, Dick (1961), mOPV2, n=16, low, AKPV

=e=F3S, Drosdov (1960), mOPV1, n=16, medium, ABKPV

=——F5S, Drosdov (1960), mOPV3, n=12, medium, ABKPV

===F5S, Ginter (1961), mOPV1, n=75*, medium, AGHKPT

—6=FS, Ginter (1961), mOPV2, n=67*, medium, AGHKPT

=—te=FS, Ginter (1961), mOPV3, n=63*, medium, AGHKPT

—4—|PV2, Dick (1961), mOPV2, n=10, low, AKMPV

== |PV3, Piirainen (1999)**, mOPV3, n=41, low, BGP

=8—IPV+LPV, Sabin (1963), mOPV1, n=5, low, BKMPUV

== |PV+LPV, Swartz (2008), tOPV (any type), n=~160, medium, ABFKPX

7 14 21 28 35 42
Time (days after challenge)

Figure 6: Re éoorted concentrations of virus excreted over time from 7 included OPV challenge
studies(1 52, 69, 78, 84, 88) demonstratlng large variability in measurement methods and
resulting measurement errors.

Acronyms: CIDgp/g = cell- or tissue-culture infectious doses per gram of stool; FS = fully
susceptible; IPV3 = = 3 successful IPV doses; IPV+LPV = = 1 successful IPV doses and = 1
LPV infections; mOPV(1,2,3) = monovalent oral poliovirus vaccine (type 1, 2, 3,
respectively);

Notes:

Legend indicates assigned immunity state, first author (year) with any applicable footnotes,
challenge vaccine, cumulative number of excretors, poliovirus transmissibility setting,
limitations applying to study results (see Table 1 for limitation symbols)

* Cumulative number of excretors unknown, n reflects peak proportion excreting; Excretors
include children with pre-challenge antibody titers 1:4 and under as well as 2 type 2
excretors and 1 type 3 excretor with pre-challenge antibody titers of 1:16

** Data differ from Figure 1 in Piirainen et al. (1999)(6. P- 1088) hecause we included only
positive specimens in calculation of geometric mean titers
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a) Proportion excreting (i.e., absolute susceptibility)
—8—FS, Henry (1966), mOPV1, n=~10, low, GP
—+—IPV3, Henry (1966), mOPV1, n=~20, low, GMP
—i&—LPV2, Henry (1966), mOPV1, n=~10, low, GP
—E—IPV3, Onorato (1991), mOPV1, n=~45, low, ABKPV
—&—LPV2, Onorato (1991), mOPV1, n=~40, low, ABKPV
—&—PV2 or IPV+LPV, Hortsmann {1953), mOPV1, n=4, low, ABDGKMOP
—e—IPV3, Gelfand (1959), mOPV1, 2or3, n=3-17, medium, BDGMPQ
- A~ FSor MI, Plotkin (1959), CHAT(PV1), Wistar(PV1), Jackson(PV2), P-T12{PV2), Fox(PV3), n=19-40, low, LKFV

e o o
'Sy o o

Proportion excreting

o
LS

0 1 2 3 4 5 6 7

Titer of monovalent challenge dose (logie CIDso)

b) Relative susceptibility estimates based on data from Henry et al. (1966)3%

1.2

—+—IPV3 —+—LPV2

0.8

0.6

0.4

Relative susceptibility estimate

0.2

0 & "
1.7 2.2 2.7 3.2 3.7 4.2 4.7 52 5.7

Titer of mOPV1 challenge dose (log1o ClDso)

Figure 7: Summary of data from 6 OPV challenge studies that report proportions excreting for
different challenge doses.(2: 26, 46, 47,55, 74)

Acronyms: CIDgq = cell- or tissue-culture infectious dose; FS = fully susceptible; IPV3 ==
3 successful IPV doses; LPV2 == 2 LPV infections; IPV+LPV = = 1 successful IPV doses
and = 1 LPV infections; MI = maternally immune; mOPV1 = type 1 monovalent oral
poliovirus vaccine; Notes: Legend indicates assigned immunity state, first author (year),
challenge vaccine, approximate number of challenged subjects per dose, poliovirus
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transmissibility setting, limitations applying to study results (see Table 1 for limitation
symbols)

Risk Anal. Author manuscript; available in PMC 2021 February 20.

Page 51



Page 52

Tebbens et al.

3U1228A SNUIAOI[Od [BIO JUBJEALIY = AJO) ‘sniiAotjod BAl

SUOITEIIWI| JO UOISSNOSIP [EUOIIPPE 10} UOND8S SPOYIBW 8y} JO Uondasgns Buipeld pue ainyessli| ay 0} sopd,

:S310N

= Ad ‘U109BA SnIAOI|0d PaTeAldRUL = Ad] BUIDIRA SNIIAOII0d [BI0 JUS[eAI] = AdOT :SWAUOIOY

X UOIEHUI INOYIIM SBIPMS Z URY) J8M3 ‘MO
X UOITELUI| INOYIIM S3IPNIS Z :81RJ3POIA
X UOIEIWI| INOYIIM SBIPNIS 810W 0 € :ybiH

$31pN3s 40 Altofew 8y Y1im JUSISISUOIUI SBLWI0JINQO X

Aouaisisuo)

1 ‘S SUOIENIWI| BY} JO BUO 1Se3] 18 YIM SaIpnIs AJUQ MO

M Jojpue
‘A ‘N suoneNwI| AJUO YIIM S3IPNIS 810W 10 T :81eJapoIA

,unousiun sAesse Jay10 03 AJljiqesedwiod Jo pazipepuels Jou poylaw AB0j0Ias M\
’ ,Surens snuinoljod pim sasn poylaw AB0J04aS A

/240U 10 QT:T JO 210W 10 8'T 10 13111 Apoguue se paulsp jou AuAisodosss ‘N

SNJIA JO UoITedlIIUENb 10 U0IN981aP 10§ ANAIISUSS PadNpal 10 UMOUNUN aARY SPolsW Aloretoqe] ‘L
,pS2°UB18481 8|qeureIRUN LY paniodaa 10 ‘paraodau Ajgrs|dwodul ‘paraodad 30U spoyisw Alojedoge] 'S

X-S suolenwi| ayy 4o Aue noyym Apnis T 1ses| 1 :UbiH Aend

Aunwwi [eulsyew [enpisaa 10 sasop Jotud Jo axey Jood Bunsabbns (ABojoass ueyl 48yjo) 8duUspIAs J9841pU] Y

Gy

Alunwuwi reussrew d1dAjowoy [enpisal aney sajqrdaasns Ajjng pawnsaid Jo 9452

15e9] 1€ eyl 40 (asuodsalolas a|qe19a18p 01 Buipes] INOYIM WLLSAS sunwiwi 8y} , swiad,, Aew yoiym ‘asop Ad| 1s41

'|oxa) sasop Jolad 0} wtmvcoame.co: a1dAjowoy 94Gz Ueyl aJow urejuod swre Apnis yeys sayedipuil A6ojouss 'O

(sa1pnis abuajjeyd AdO |[e 10§ anu1) AdT1 YHM uondajul [einjeu 0} Buipes| yeyr ueys ualaylp ainsodx3 d

hmm_\_SmE uolreuldden Aq parebaabibesip 1ou s1nsal uona1dxa payiodsy 'O

JUaA8 [ea1bojounwiwl 40 UOITRUIIIBA PaPI0daL Jale

Jeak auo 1ses| Je padalsiuiwpe abus|jeyd uaAalb ayels Allunwiwi Juadald,, e 03 Buibuojaq jou Ajres|o swae Apnis ‘N

SUIdJA N\dI AIeS Jo 8sN "IN

abua|eyd 10} SUIeJ1s aulddeA UIges-uou Jo asn

ainsodxa Ad [edneu 1noge AInBiquiy M

S1INsaJl Apnis YlIm salajaaiul Ajjenueisgns

aunsodxa AdT [ednyeu 1ey3 Bunsabbns (s10algns pabusjjeyoun ul saye.d uoile|ost ueyl 18Ylo *a'1) 80UsPIAS 19a41pU|

B0 SUOI193jUl AdT [eanyeu 01 anp (s108lgns pabusjieyd 4o s19eu0d Buipnjoui Jou) abusjreyd ay3 01 Jorid

e d O N 310W 10 940T 40 (3w J0 poriad e 19A0 Sayed aAlre|NWND 0} pasoddo se) sayed uone|osi didAlowoy snosueluelsu| ‘|

7 ‘| SUoIRIWIL Y JO BUO ISB3] 1B YNM Sa1pnis AJuQ Mo SauuI UO93]109

S1 “H ‘S SUONEIIWI] AJLO ULIM SAIPMS 210U 1O Hn_.%%mmox uawioads [001s Z Uy Jamay Jo papiodal 10U [easaul Burjdues 1ano Bunaioxe s18lgns Jo uorodoid aaleinWIND ‘H
o mco:&_E.__ WE 10 Aue So:.:>> Apris T 1589] 1/ “UBIH 51l Apognue wnias abua|jeyd-aid Aq paljies J0u s}jnsal UOIBIIXa Ing ‘pariodal ABojolss abuajjeyo-aid ' SOUBASIOY

(aBuajleys AdO1 410 AdOQJ “8'1) s8dA10.48s aiow 10 Z yum abus|jeyd snosueynwis ‘o

) abua|eyd J81e Sydam g uey) Jare| Buiels uonos)|od sjdwes [001S '3

. 3103 swiae ApN3s JuUeAa|aJ Wos 10 |[e ul s39algns T ueyl Jama 'q

@ ‘g suomenwi| 8y} JO 8UO Ises| Je Yim salpms AjuQ Mo payodal Jo pawiogiad 1ou ABojolss abus|jeyd-aid '

o} .

JOJpUE \y SUOIENLLI] AJUIO LI SOIDMIS 810LW 10 T :212I3POIN QEE 1041u09 8]qndadsns a|qisne|d e 10} s3ynsal paliodal Jo 8oUssqY ‘g
-V suolrelwl] ayy Jo Aue Inoyim Apnis T 1ses| v :ybiH 101e61ISaAUI B} JO [0J1U0D PUOABQ SWIR UOIBUIDIRA JUaIaIp 01 $108lgns Jo Juswubissy v ubisaq
el BuIpeIS £ (P3PI0g SUOHENWI] . [eI1}12,,) suoRe}IWIT anqLIY

Author Manuscript

uolssiwsuely snuiaoljod o1 Allunwiwi Buijapow 104 e1ep Apnis Jo asn enualod Ino 0] pajejal suonelwi

‘TalqeL

Author Manuscript Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 53

Tebbens et al.

saijdde © uonenwi| 41 Huipel 198)4e 10U OP SPOYIBW [e2160]018S BY) 0 palejal suoneuir,

S uoneywi| Ajdde jou pip am sased yorym

ul ‘Ajdde AA-L SUOIIeIILI| JBUIBYM SSBSSE 0] S|1e13P JUBIDIYNS BPIA0Ad PIN0D MBIABI SIUI JO SIOYINE B} JO BI0W IO BUO ‘S32N0S J3Y10 WOy SuondiIosap poyisw ajgeureleun Jo paliodaiun Jo sases Auew c_Q

(sa1qndaosns Ajjny wouy ssunwiwi Aj[eusayew pue siapuodsal-uou Wwoiy
slapuodsal aresedas ued am uayl ‘siay Apoqnue abus|jeyd-aid Aq paireais s}nsal uonaidxa y1 “'a'1) saijdde o uorenwi 1 saijdde Ajuo pue sadA104as 10 swe Apnis awos 4oy Ajdde Ajuo Aew uoirenwi| m_;._.m

alow 1o g:T Jo siall} [edoudidal se umc:mn_\

(Aedap Apognue Jeulsiew 10} Palaa.lod) Apogiiue ul asti pjoj-y ueys ssa| Aq uw:_hwn_m

S9SOP JO SIBQLUNU JUBIBHIP 10 $198[gNS PajeuIIdRA-Ad] PUB PAYeUIdIBAUN IO SHNSBI PAUIGLUIOD SAIPNIS awos ‘ajdwexs BH_~Q

uonENWI| SIY} 0 uoippe ul saljdde O uomelIWI| pue salels Alunwiwi 0} Juswubisse saredljdwod Siy} uayy ‘sasop Jolid JO UOISIBAU0I018S Jood saredlpul ABojo1as uonippe ul ),

(sawn Burjdwres 1o asop abuajfeys waltayip “69) swue

18410 10J uey $31q1daosns o) SUOIIIPUOD JUBIBYIP JO ‘3SOP YuIg 18 pabuajjeyd ualp|iyd pareuldseAun 1oy snsai Ajuo ‘sioslgns pareurooeaun Buowe s)nsal abusjeyo ou uodal 1eys sa1pnls sspnjaul siy FQ

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

available in PMC 2021 February 20.

Risk Anal. Author manuscript



Page 54

Tebbens et al.

pue Ajiwey Buowre uonasox3 (1T *d)
.5dnoub ayy Jo Aue ul UOIIBIOXS SNIIA
UO 108443 OU pey AJJeajd UoljeuIddeA
M[es Joud,, 1eyr uanlb saolsIy

S)NS3l UOMIBIOXD
payiodal 104 PaUILLIBIBP 8Q Jouue) :Sayels Alunuiw|

aInsodxa Jano padwin| elep uonelox3y (pabus|eyd 1ou) sBuljqis pue (67)(L96T)
A '(s1083U00 10y 1d30xX3)d Ge MN | (7€) [supuow 8T-2] AdO} 10 '€ 10 ‘2 TAJOW Yim (§°5) €' TAdOY HoIuRIN-ysahusg
‘O 'l ''D ‘(swre awos un) 4 ‘g 'V ON '82'TZYT'L'0 snsayl Arewlid pabus|eya AdlJoud € 2402 ‘T o ynm uaipiyd | i(s'S) €2’ TAdOW (sexal) vsn
$10B1U02 ANIUNWWod
pue Ajiwe) S)|NsaJ UOI1810Xa Sapnjoul S}JNSal UoI}aJoXa ‘(MN)EAdOW (0z1)(6S6T)
1 ‘(ABojosss pa1iodal 1o} paullLIalap ag Jouur) :saleis Alunwiw| {(4N) ZAdow MOIUBIN-YSaAuag
104) S ‘(s10B3U0 104 3d3OX9) d ‘O ' 'V ON TZYT'L'0 N (18) [eT-0] sarwey T8 ut pj1yd 1s36UN0A ‘(4N) TAdOWw 00IXdIN
SaJels Alunwiwi Juadal,, ON :Salels Anunwiwi| (5°G) EAdOY
SHBOM p-€ (pinb1| Gz + 8|nsded 1¢) [s1eak G-v] (0'G) TAdO} (cen)(G96T) 8[E2g
Ad'N'WT4'a'g ON | 4oy Apjoam aoimy dN | afe Jostpuow 2T 21043G AdI Joud € YUM uaIp|IyD (£'8) TAO} N
|1e18p ul papodal
jJ0u abus||eyd Jalse UOIBIIXS 81018y} (€9) end
pue snJIA AdO 0 peaids Aprian S}INSaJ UOIIBIIXS {(8) 2Nd ((6'7-8'Y)
01 pasn Ajuo 1nq use) sajdures |001S pa1iodal 1o} paullLIalap ag Jouur) :saleis Alunwiw| TAd surens :m:&mmc leg
AdOMN'WNIT'HD'G'Y ON dN e19H SaLOISIY AdI Pue AdM Butien ynm saijiwed palenusne x00 (30s8UUIN) VSN
ZAdI 'TAd :sarels Aunwiwg
(pawiodal (YN sares uonaioxa) [syiuow /-z] AdO}
slagwnu Joud g Yym ualpjiyd pue uaipjiyd pareuidoeaun
Adoo | wuJe uo Buipuadap Hod ‘(9g) [syruow 21 AdI18 Joud g yum uaapjiyd 4N) AdO? (19)(2002) seunsy
A'LdM'H'D'4'3'g ing) ON sAep 09 10 0€ -L¥ xa(dnnin {(18) [swuow y] AdO} Joud T yum usIpIyd 5 elewsrens
ENdI
‘ZAdI 'TAdI ‘ZAdT 'TAdT 'S satels Aunwiw
A%v [sytuow $z-zT] AdO? Joud Z Z yum usipjiyd
x%v [stpuow ] AdO? Joud T ynm usipjiyd ;%Nv
abusjeys Buimoy|oy [suuow ¥z] Adle Joud € = yum uaipfiyo A%Nv (1661) 216
Buippays snuinotjod [ejo) pue 8E-TM MIN . (z'9-2'5) endOd (85){1661) BIDO pue
JUBLIAAR] U10q J0 saled Builodas Apnis 09-T¢ | snsays Aapewinid [stpuow ZT] Adis Joud z Jo T Lpim uaipjig .AQmHv {(5'5-5v) TAdO} (0)(€66T) Weyelqy
d'(Aluowre Adizi0T)0'9'4'a’D ON ‘0€-TT '0T-T ‘z-daH [stpuow z] uomeurddeA Joud ou ynm uaipiiyd (7'9-v'S) TAJO} SO SN €
saje)s Ajunwiwi Juadal,, N :81eis Alunww|
soalgns o (EAdOW pa3} 6E ‘TAJOW
ajduresgns e 10} 6 ewse|d sbusjjeyo pay 62) ['SIK v5-61] AI01SIY AdI 1IN} M S)npe
-21d Aq (5)(8002) ueWSINg ‘asuodsal anmsodouss adLn {(EAJOW pa) v ‘TAJOW paj 9t) (s6)
gV 40 Aupidel Aq paiyiens eyep ['s1K 2-¢S] synpe annisodouas ajdi} payeurddeaun (8002) uewsing pue
uo13319%3 $3PIN0Id (5)(5002) AUIGqY 9G pue ‘6 ‘zv 'S¢ (EndOW pay GTT ‘TAJOW pay €0T) ['s1A (¥) eEndow (68)(5002) utqay
d'NMT'H'a'V S3A ‘8C'TZ YT 'L'E qoz1 | ¥2-vS] sunpe aaneBsuoias ordAlowoy paeutdoeAun :(8'9) TAdoOw SpuefayIaN
mﬁmm__m__mcu elep sepinoad
¢pariodal Jaye shep) poylaw Apn1s yaiym Joy (s)a1e1s Ayunwiwi 3usdsy (11)
S9JON | S4813 SNJIA SaWI} U0I193]|09 10 3Ul| |99 (uona1oxa abus|feyo-1sod a04 paisal Jaquunu) (%12 Bolyy) (ueak) Joyine 1sii4
(T a1qeL 88s) suolreywi] pa1849x3 a|dwres uoIe|os! SNUIA [abuajjeyo jo awiy ye abe] sw.re Apms pabusjreyd asop abuajfeyd uoi1eds0T

Author Manuscript

Author Manuscript

‘¢ dlgeL

sa1pn)s abus|[eys AdO Jo Arewwns

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 55

Tebbens et al.

TAdT ‘1IN :sa1eis Alunwiw |
(88T1) [sAep 0g] TAdOW

abusjreyo Aep paj Yuig 1 AdO} Joud T ynm uaipiyo (82z) (1°9) EAdO? (e9)(6002)
O4d -0€ 1aye 82 ‘12 [sAep 0g] TAJOW pa} yuiIq Je TAJOW Joud T ynm ‘(¥'S) ZAdO} USPUES Jap UeA pue
(eBua|reyd yuig 10j) H ‘9 (Ajuo swie ‘YT ‘L ‘abuajreyd uaipy1yo :(06T) [sAep 0] ynig 18 AJO3 3y uaip|Iyd (9'9) TAO} (19)(8002) pakes-|3
AdOY) 4 ‘(sbuajreyd yuig 10)) 3 ‘g ON UwIg Joye 0g qoz1 {(1€2) [sAep 0] yuig 18 TAdOW Pay uaIp|Iyd (£'9) TAdOw 1dAB3
S :sa1els Alunwiw|
SJOBJUOD [eUOIINMISUI (annebauolas-eAd ZT -2Ad 6 -TAd
Buowre syNsal UOIIBIIXS SBPN|IU| €T) AdI Joud Inoynm 1o yim ualpjiyd aanisodolas (5~) endow 8)(096T) Aopsoid
A ‘(s1983U09 10} 1d89X8) d SHaM /-G 10} ‘(an1eB3u0Iss-EAd 2Z -2A\d 0T -TAd €€) [s1eah € ‘(5~) ZAndOw (eru01s3)
‘(sanmisodosss 10)) O ‘N ‘M ‘A ‘g 'V SOA Apjoam a21m1 ‘0 MIA shsayy >] AdI 101d INOYIM 10 YiMm uaIp[Iyd sAirebauoIss {(G~) TAdOW | uoluN 1BIA0S Jawio4
N ELE]]
gV [eularew poojq p10d Agq umop TAdT ‘'SH ‘T :sa1els Alunwiw
uax0.q aBus|[eyo 1811} Je1Je UONBIOXT e uo Buipuadap (58 'd) .OHM (80T) [sAep 09] uymiq ye
umousjun ‘15 Jojpue ‘ze | Ag papuswiwodas | AdO?Joud T ynm uaipiiyd (60T) [sAep 09] usip|iyd (5°S) EAO1 1(5) (05)(986T) Buoq
A 'd *H ‘(sBus|[eyd puodss Joj) © o ON | ‘0£'sz'Tz'vT 'L SPOUIBIL,, | pareurddeun (20T) [sAep €] uaipiyd pajeuroderun | ZAdO3 1(9) TAO} eulyo
syealqIno Buiinp ainsodxa S)INSal UOI18IOX3
AdM 0 A101S1y Jo/pue sasop panioda 1o} paulwIslep ag Jouue) :sajels Alunwiw| (veT ‘1)
AdlI Joud ¥ 10 € pey uaip|1yd IS0 201w (09T) [s1e3A ST 03 syuow (sdKy (T96T) owoq
d'O'WT1'949'0'a'V ON | vZ'cz'zr's'e'0 | Buipons pue N €] subredwed Bunnp ao1mi AJO} pay UsIp|IyD 4oea 104 G) AdO} Asebuny
EAdI ‘ZAdI ‘S 'sareis Anunwu
(6) [syruow 8T-9] TAdOW pay
ualp1yo pareutodeAun :(g) [sypuow 8T-9] TAdOW
Pa} Adl Joud z yam uaipiyd 1(2) [syuow 81-9]
payodal osfe TAdOW paj AdI Aousiod-ybiy Jorid € yam uaipjiyd
LI} JONO JBOJY} LUOJY UOHIR|OS SNUIA swuse :(91) [supuow £1-9] ZAdOW pay Adl 40 Aloisty
A ‘(sHnsal awos) O 'd ‘(Swe wos) WO Ul GE ‘87 e9H pue YN Unm ualp|iyo 1(9T) [syuow GT-G] 8sop Adl se| (9) TAdOW a)(1967) 1@
O 'IN ‘(s)nsa1 swos) 9 '3 ‘A 'V SOA | pue ‘Tz ‘Z'T'0 | obessed-puodss | Joe S)9EM Z ZAJOW Py Adl Jonid Z ynm ualp|iyd (9'G) ZAdow N
abe Jo syuow S}INSaJ UOIIBIOXD
/T-S UaJIp|Iyd /2 01 SNIIA ZAdOW pa1iodal 1o} paulwIslap aq Jouur) :saleis Alunwiw|
abessed uewny 15414 pay osje Apnis B19H pue MIN (2) [sreak (ez1)(T96T) dueq
AddoM9o‘a‘'gv SOA 82 ‘12 'v1-1 abessed-puodss ¢-T] Al01s1y uoneuidaen pauodaiun yum sbuligrs ‘(7'v) ZAdow MN
abuajleyo ay} 8104aq SNUIA pare|osl Jo
3oe| Ag paw.isuod ubredwed usamiaq E€AdI ‘ZAdI ‘'S4 :sarels Alunwiw|
SN AdO 4O 30USCE 919]dLLI0d 0} (22) [stpuow -] AdI9 Jorid g ynm uaipjiyd (8'5%) EndO} (z9)(L002) dnoio
anp SasnIIA AdO 01 3insodxa Jo 4oe] ‘(9) [suruow g-4] uaipjiyd pareurdseaun-orjod (53) endOr Apms Adl eqnd
d'H'DY SIA L0 qoz1 pue ay {(z8) [supuow g-v] AdIe Joud € yum uaip|iyd (9%) TAdO} eqno
ZAdT 'TAdT 'S4 isarers Anunwu NINE
(89) [suruow 9-¥] AdO? Jonid Z yum usIp[Iyd p (o)
(950p 1T {(29) [syuow y-g] AdO? Joud T ynm usipjIyd Jaypo (sBeiols | (G66T) 0Gqv-Uusyod
Jaye EAd PUB TAD) O 'd'H'9'4'3 ON 0g ay pue z-d3H {(¥8) [suuow 2] AdO? Joud 0 yum uaIpIIyD 13ye §'9) TAJO} (9dssauual) vsN
paIpNIS 0S|e 8oUs|NIIACINBU
pU® ‘UOISIaN3] ‘S19BIU0D AHIUNWILIOD
mﬁmmcw__m:o elep sapinoad
¢partodal Jaye sAep) poylaw Apnas yoiym 10y (s)arers Aunwiwi Jusdey (101)
S9JON | S48M3 SNUIA SaWi1} U01399]|09 40 aul| 199 (uonaaoxa abuajeys-1sod a0y palsal Jaquinu) (%5@10 Bolyy) (ueak) Joyine 1sii4
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 56

Tebbens et al.

(vT) [s1eaK 95-T2] EAJOW L) ‘ZAdOW UBL (9) endow
snyels qv Jo Aloisiy ainsodxe ‘TAdOW yum pabusifeys A1oisiy Adl OU yim sinpe xmmv ¢Adow
Aq umop usx01q 10U Elep UONAIOXT S{3aM p-€ (12) [s1eak 95-T2] EAdOW UaL ‘ZAdOW uay) ‘(6) TAdOW (ton(T96T) 280D
AdONWTD'a'VY ON 10y Apfoam ao1mL MIN “TAJOW ynm pabuajreyd A10isIy Adl Yim sHnpy R MN
wie
pajal 10} AdT+AdI 18231 1daoxa s} nsal LUoIIaIIXd
paliodal 1o} paulWIBIep aq Jouue) :Sajels Ajunww]
palodal os[e uonaioxa [eabuireyd (08T) [s1eak 6-9] AdO ynm abusjeyd
‘pajuaWiNaop AjJes|d sares UoIaIdxXa (abusreyo Joud T pue uoIeu199eA Ad] 40 AI0ISIY PapI0dal YlIMm (£5) EAdOY
pue Ja)i} gy aulddeA-ald diysuoneay puc 18e Z¢€ 10) 6 uaIp[Iyd {(£6T) [sreak 6-9] uoireurdadeA AdQ Ou pue {(0°G) ZAdO} (2r)(696T) UdZ3|D
Ad'O'NMA'a'VY LN ‘G¢8T'TT 'V '0 MIA snsayy uoIeUIdIBA Ad] J0 A10ISIY PapI02aI UMM USIP|IYD (G'9) TAdO} (1nossIN) VSN
S}|NSal UoI}aJIXa
palodas os[e uonaiaxa [eabuireyd pa1iodai Jo} paulwIslap aq Jouur) :saleis Alunwiw|
‘pajuawinaop Ajues|d sares UoIaIdxa (gg) [s1eah 6-9] AdI Joud 9-G yum
pue Ja}i} qy au1ddeA-ald diysuonejay ualpIyd (6z) [sresh 6-9] Adl Joud & yum usipjiyd (6¢)(996T) USZ31D
Ad'O'WM'E'Y SOA | 82'TZYT'L'E’0 MIN snsayy {(0g) [sreah 6-9] AdI Joud €-0 Yum UaIpIIyD (5'5) TAdOwW (LnoSSIAY) WSN
S1083U0I [eUONNIIISUI
Buowre synsai uoNaIIXa SaPN|IUI anss1y aluoAiquia
{s1InsaJ 43111 104 Ajuo a1eIs Ajunwiwi uewny S :SaJels Ajunwiw| (4N) EAdOw ()(T96T) Jawo
JU3231,, Us!|qessa 0} 3|qIssod Jo sjsejqouquy (zoT) [N abe] (4N) zAdow (e1ne)
1 ‘(ABoj0Jas 10)) S ‘'d ‘M ‘'H ‘D 'V SOA Sy '8z ‘YT ‘L€ 0 J9Rejouo\ | ualppiyo BunoA pareurodeaun Ajsnoinsid Ajqewnsald {(4dN) TAdOW | uolun 191A0S JawioS
ZAdI ‘TAdT 'TAdT 'S4 sarels Anunwiwg
(e¢) [sreak ¢-1] TAdOW
Joud T Jaie pausAu0d0las ualp(iyd ((te) [sreak g-1]
AdI Joud z Jaie palaAu020.as uaIpjiyd {(6T) [siesk
€-T] AI0ISIY UONBIIXD |Ad YUM UBIp|IYd Ayljeay syuawiIadxa
awi 1ano ‘(9) [¥N] orjod onAjeled wouy paianodal synpe awos u1
s8]kl UO0II2I9Xa 10U ‘paliodal uonaioxa (awn Jano {(21) [s1eah g1-2] o1jod onAjesed wouy paianodal (4N) eAdOwW pue
JO suoneINp ueaw parewnss AJuQ abelane uaipyd (zg) [sresh g-T] uaipliyd anisodolas (9 40 G) ZAdOW () (T96T) UopuayD
Ad'N se) SaA 82" 9T N adi (o) [s4eak €-T] uaipiyo aarreBauoiss aldi L (9) TAdOW | uoluN 39110S Jawiod
sa1els Ajunwiwi
S9}IWIOY WOIy JU0ISIU,, PUe ,JUdI3I,, JO INIXIIA :S8JelS AJlunwiw]
UOI1R[0SI SNJIA S10BIUOD [BIjIWeSRIIXd (8) [9N] saunwiwi Ajreanyeu
pue -eqjul Buowe uonaloxa ‘(pa1984ul 8W093( 0 ainjiey Jaye asop Jaybiy
‘asop abuajeys Ag uoneayens yum 221m pagal T Buipnpour ‘TT) [4N] uoneasssqo (1°2-9') EAdOW
‘uonaJoxa [eabukieyd apnjoul synsay J0 S1eak 7 snoiAaid Ul uo1dajul [elnjeu INOYUM (T°L-T°G) 2AdOW |y ‘or)(6G6T) PUBSED
umouiun A0 'd‘N‘IN ‘D ‘a ‘g ON 3|qeLien MIA shsayy s)npe :(5G) [s1eak 8-T] Adl Joud € yum uaipiiyd | :(€'2-9°€) TAdOW (eueisinoT) vsn
AdT+AdI
‘ZAdI ‘TAdI ‘A2 = 'TAdT 'S4 'saess Anunwu
(02) [supuow zT] AdI®
Joud g ynm uaip(iyd 1(12) [sypuow zT] AdO? T Uy}
(62T "d) .So|duues Ad1? Joud T ynm uaipjiyd :(€2) [suow zT] AdO}
[1esBuAreydoseu] dSN 095 oy M Joud z ynm uaipiyd 1(1z) [sypuow v] Adia soud (c9-2'5) EAdO}
89U0 AJuo palanodal [**] snuinoijod,, snsayJ Arewnd T ynm uaippiyd :(tz) [yuow ] AdO3 Joud T yum ((9'5-G'1) ZAdO} (09)(066T) Uspe4
AdM'H'OD9'3'a ON syuow Z 10 T pue z-d3H ualp(1yo () [sywow z] usipjiyo pareurooeAun ('9-5'G) TAO} vsn
mﬁmmcw__m:o elep sepinoid
¢pariodas Ja)e shep) poylaw Apn1s yaiym 4oy (s)a1e1s Ayunwiwi Jusdsy (o1)
S91ON | S48M3 SNUIA SaWI} UOI193[|0d BLETTRIER (uonia19xa abus|feya-1sod a04 parsal Jaquunu) (512 Bolyr) (aeak) Joyine 1414
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 February 20.

Risk Anal. Author manuscript



Page 57

Tebbens et al.

OdT'H'D

(asop
puc Jaue) £ :(ssop

‘yuiq 1e 6.T) [sAep o€ ‘0] 821M1 AJO} P} sulogMaU
payeutodeAun (sAep o€ 1e 8G€ ‘yMIg e 09¢) [sAep

(8'3) EAdO1 (S)
ZAdO} 1(9) TAJO}

19)(TT0Z) uyor

‘(wre AdOY) d ‘(as0p yuiq Jaye) 3 'g ON Uu1q 1aye) og a0z 0€ ‘0] 1M} TAJOUW Paj SUIOGMaU PajeutddeAun {(9<) TAdow eIpu|
(anyebauoias
a1dAjowoy ‘anijebaucias ajdiy “Ha)
snyels abus|jeyd-aid paldsas Yyum 891w Buipons S :sa1els Alunwiw| (5'G) EAdO}
U3Jp|1yd J04 pariodal SINSal UoaIdX] ‘e718H pue M (16T) [s1eaA g 01 syluow g] uede {(0°5) ZAdOY (get-0e1)(GL6T) Uyor
AdMH ON ¥T'L'0 18uU0g Asewid S339M g 331M} pafiua][eyd UaIP|IYd PajeuIddeAUN (0°9) TAdO} (npeN [1uweL) eipu
09 Aep ybno.IyY} SBIRI UOIIBIIXD
Buiremonyy ‘sBumss (pareurooea
AdI) [edni sA (payeulddeaun) ZA\dI ‘S :saeis Alunwiw| (o)
uegin woy swie Apms 09 (82) [swueyui] Ad1s 1oud Z yum (266T) nojapaN-uo|
dM'HAD'Y ON | '8¢'Te'vT'L'v'C 0JaA ualp(iyo 1(£9) [suuow G-z] usip|iyd pareurddeAun (4N) AdO} eluewoy
(9) eAdO}
AdT+AdI ‘€EAdI 'TAdI 'TAdI 'S4 isalels Aiunwiwi 2(9) ZAdO1 1(9)
(rvor [ TAdO} 1(G) EAdOY
9/) Is1e3A5-G'0] $350p Adl Joud p-T yum usipiyd '(g) zndog
anIsodoJss | (3911 AdO Pa) 62 ‘AdOU ‘'TAJOW (g) endow (s)(T96T)
M ‘umouxun SES P3} LT '2'€ TAJOW Pa} 07) [sreak §-G°0] sasop {(s) eAndow (‘uuop) uueunsioH
A'NLd N H f(sue awos) 5 Y ON | vT-9404Apj@am ‘o | ¢-d3H pue N AdlI Joud y-T Y uaip|iyd sniefisuoies ajdiiL {(8) TAdow vsn
Sal|4 pue salAld Woly SuoKe|os! SY9am
SNJIA pue S10B1U0D ANUNWILOD pue € 10} Apjoam AdT+AdI ‘EAd] ‘2AdI :SareIs Alunwiw| (811)
AJlwey wWoJy S}NSal UOIIBIOXa Sapnjou| ‘S9OM € 10} (1) [s1eak #] AdI Joud € yum pjiyd jooyasaud (96S6T) UURWISIOH
A‘umowunn‘L'd ‘N c'a‘'a ‘v ON A1aam s01m1 ‘0 MINsnsayy | () [s1eah #-T] AdI Jo1d g yum uaip)iyd [00ydsald (S) TAdOw (euozuy) wsSN
S}0RIU0I [BUOHINMISUI WIO.S SHNSBI AdT+AdI ‘TAdT :S81els Alunwiw]
U0I3349X3 S8pN|aul ‘wioy ajnsded (12101 G2) [s4eaA yz-17] S8sop TAJOW JuaIaIp
Ul auId9eA UaAIB ualp|Iyd pajoajul paj synpe BunoA pue uaipjiyd pabusjjeys Ajsnoinaid
€ 8} JO suoU Ul Ing wioy pinbiy pue ‘aunwiwi Ajjeinieu ‘payeulddea-Adi :(urebe
Ul 8uId9eA UBAIB uaIp|Iyd paloajul TAdOW pay Apuanbasgns G *joul ‘6) [siesh yz-v]
/ 30 9 U1 SgeMS 120l 8A1ISOd s)jnpe BUNoA pue uaip|1yd sunwiwi Ajjesnyeu (urebe
A ‘N ‘(51983U09 J0} 1d39X3) d skep 0/ TAdOW pay Apuanbasans g “joul ‘0T) [s1eak vz-v] W2'vs | n(6S6T) uvewisIoH
‘0 ‘(swiedwos) N ‘W ‘M ‘D'a‘'a'v SOA | 019G J0) d|qeleA | MIA paziuisdAiL | AdIJoud g 1ses) Je yum synpe BunoA pue uaipjiyo V'€ 'v'2) TAdOW (uuod) wsn
S1|Nsal UOI}a1oXa Woly
papn|oxa abusjjeyd pue abe Jo syuow ZAdT ‘EAdI ‘S :sarels Anunwiw|
Z U39MIBQ PaAJIasgo UOIdajul [elnyeu 901W paueamun (0S) AdO? Joud € yum uaappiyd ‘() [syuow
J0 80UBPIAS YJIM UBIP[IYD ‘asop pue ‘z-d3H 9T1] AdlI J81s00q e pue Ad| Arewnd Joud € yum
abus|jeyd Aq paiyiienis osfe s)nsay SY98M € 10} 10 B7J9H pue uaip|iyd {(8) [supuow 9] uaipjiyd pareurddeAun (rg (52)(996T) AlusH
M ‘umouun A 'd ‘N ‘D LN A1aam s01m1 ‘0 MIN Asepuodss -o1jod ‘(6¥) [stpuow 9] Adl Jond € ynm uaipiyd ‘L'TLT) TAdOW N
S}|NSal UoI}aJIXd
paliodal Joj paulwIBIep aq Jouue) :Sajels Ajunww|
Ajannoadsosal skep (EndOW 608'T *(TEO'LT) TAJOW Yum (4N) endow
paulwiaiep Aloisiy abusjieyd 82 pue ¥ Usamiaq 6618 AdO? YIM 661'8) [s1eak gT-0] subredwed {(4N) TAdOwW (en)(6002) Alsseso
d'd‘o‘r(wesuou)40'g'v ON sa|dwes g dN Burinp pabusjjeya sased sisAjesed p1ades aNdy {(4N) AdOY eIpU|
S1|Nsal UoI}aIoXd
paliodal Joj paulWIBIBp aq Jouue) :Sajels Ajunwiw]
mﬁmmcw__m:o elep sapinoad
¢partodal Jaye sAep) poylaw Apnas yoiym 10y (s)arers Aunwiwi Jusdey (101)
S91ON | S48M3 SNUIA SaWI} UOI193[|0d BLETTRIER (uonia19xa abus|feya-1sod a04 parsal Jaquunu) (512 Bolyr) (aeak) Joyine 1414
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 February 20.

Risk Anal. Author manuscript



Page 58

Tebbens et al.

S-OdN (zv1)(666T)
‘ad YN TAdT ‘S :serels Alunwiw| ounBeuong pue
usa.b ofeyng (187) [suuow 9-G'T] AJO? Joud T yum usip|Iyo (9'6) EAdOY!(8) | (en)(266T) OpeUOpIEN
O0d1'94 ON 9G'GE ‘T L0 M Arewnd :(1871) [sypuow 9-G'T] uaip|iyd pareursdeaun | zAdO? (9) TAJO} 0IX9N
AdT+AdI :s81eIs Alunww|
0I3A ‘T-MIN (81) ( ¥N) AdO? (1002) M1
dM'H'D4'g ON 8¢ ‘L ‘Z-d3H ‘ay [yiuow 8T] AO? T UsYl AdI8 Joud Z yum ualpjiyd 7 uemie]
TAdT ‘1IN :sajels Ayunwiw] (z'9) endO}
(g5) [supuow z] AdO? Joud T yum “(z'v) TAOY @n(T96T) BUIne
umouuNn A‘N‘L'd'M‘9'4'g ON 8Z'TZ'WVT'L'0 AN Snsayy uiogmau :(gg) [sAep g-€] uiogmau pareurooeAun (L°S) TAdO} |9els|
(pauiodal ZAdI ‘TAd 'S4 iseress Anunwiwg
slaquinu (zv) [syuow 9] AdI8 9)(G002) Mssee]
Adoo uoneayljdwe Joud z yum uaippiyd (zy) [syuow 9] AdO1 Joud g UN) AdO? (puejAre
d™M'HAD nq) oN T2'L | "Od wbusl-ind | ywm uaip)iyd (8y) [Yauow z] usipliyo pareurddesun mq pue LNOSSIA) VSN
TAdT ‘SH :sa1eis Alunwiw Amm %) EAdOY (98)
(9) [4N abe] abuajreyo ‘(,e'9) TAdOY (586T) gevsieyony
d'd > (wie SYoam 01 Joud Jeak T £2AdOg T pue TAdOW T 4o Aloisiy “(6) TAdOW BIEMO|S0Y28ZD)
AdOQ) 4 ‘(wJe pajeurdsenss) g ‘O N 6-1 104 Appaam ‘0 4N yum syuegul ((9¢) [YN abe] sjueyur pareurdoeaun "8 Jawiio4
(ov1)(096T)
S10BIU0I [eUONNISUI BAOJPUBARYZ pue
Buowe s)nsal UONBIIXa SapN|aU] 10€3U02 BuIMO] |0} (6e7)(096T) €A3]010M
(s10B3U02 AJU0 ‘s198[gns pabusajjeyd syuow g-z Burninp ZAd1 ‘TAdT ‘S :saeis Alunwiw| (mo2so J818319)
10} painseaw UoI1a19xa ou) N ON sajdwes 6-G MIN paziuisAil (552) [2-0] san01s1y Binsodxa paxiw Yim uaipjiyd (4N)AdO} | uolun 181108 Jawio4
€Al ‘TAdI ‘TN 'S iserers b_::rNhEW
ve
[syiuow $-g] TAdOW paj uaIp[iyd pareulddeAun
{(ev) [syuow 6-8] TAdOW pay AdI8 Joud €
unm uaIp|iyd {(Ty) [suruow 6-8] TAJOW paj AdId
(26 "d) .sBuiysem eabukreydoseu Joud z yum uaipiyo ((09) [syuow -8] TAdOW
W04y paulelqo sem sniinoljod AdO} paj) AdO} Joud € yum uaipjiyd {(09) [sypuow 2-9]
ou,, :paejos! osfe sadAy € |[e Jo AdM Jaye syuow g-1 NdO} Pa} AdO} Joud g yum uaip)iyo 1(09) [supuow | (5°G) EADON H(S'S)
A'd M ‘H '9 ‘(Aluo AdO} Buimoloy) ‘Adow soye shep | (G6 °d) .spoytew G-v] AdO} Pa} AdO} Joid 3UO Yum uaIPIIYY | ZAdO} H(S) TADO} (s)(Z66T) 0
4 '(Aluo AdO3 Buimvojjoy) 3 ON 82'T2¥T°L'0 paustiand,, | :(09) [suwow g-z] AdO} pay uaIp|Iyd pajeurddeAun | (8'€-G'€) TAdOW eAuay
Bunaioxa suoniodoid
aAIeINWND Ajuo Ing ‘payiodal
J0U 3w Jano Bunaloxa suoniodold
M 9S0P puc I91e Sa1e1S Alunwiwi Juadal,, ON :Salels Auunwiw| (2°5) EAdOT
‘N8 'd (We Adidoud €>) O ‘N ‘I 95" 'TZ'vT'L | emyno o M | (002) [58Be [1e] AdI Joud € = yum sisquisw Ajiurey {(S) ZAdOd (60n)(G96T) U0BO)|
"M ‘(s)nsa1 EAd PUB ZAd 40)) 4 '9 'Y ON | :8SOp T J4eWe /0 snsays Arewitld | 1(2¢) [sabe 1] AdI Joud € > yum sisquist Ajiwed '(§'S) TAdow (oA M3N) VSN
TAdT ‘1IN :salels Aunwiw|
‘(sAep og 18 LLT
mﬁmmcw__m:o elep sapinoad
¢partodal Jaye sAep) poylaw Apnas yoiym 10y (s)arers Aunwiwi Jusdey (101)
S310N | sJam3 snaIA s3I} U01199]|09 BLETTRIER (uona1oxa abus|feyo-1sod a0y paisal Jaquinu) (%5@10 Bolyy) (aeak) Joyane 1sa14
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 59

Tebbens et al.

abus|eyo-1sod pue abusjjeyo-aid yiog
asnedaq SISA[eue Iy} WOy papn|oxa
a1am abuajeyd ayy parg|dwod

oYM uaJppiys om,, ‘(zt.T *d) . pouad

AdT+AdI ‘TAdT
‘(wure yoea ui saanehauoles) SH :saleis Alunwiw|
[w.re yoes ui syeem 7z 1e pabusjeys]

Uo1393]|03 elep 8y} Burinp pajonpuod (€T2) 350p AdI? Joud T pue sasop AdO} Joud (s1)(€002)
asam ofjod ysurefie sQIN oML, ¥ Uum uaIp|1yd 1(602) AdI8 Joud € pue AdO} Jotd 13181BYD Np JUaled
A'dM ON 82 'TZ'¥T1'L'0 | 9021 pue g-d3H ¥ ynm uaIpliyo {(€€z) AdO} Joud ¥ ynm uaIpiiyd (8'59)endow uelsiied
snuIA abua|fey
10 peauds ou 1s366ns dnoib [013u090
pabusajfeyoun ui abusjjeyd 1s0d/a1d .
umouun A ‘(0T:T Ye os|e SHoaM mmwwwﬂ w_mﬂm%:m__”%wﬁ_ hww_g. mmm%u_ﬂm__% Lﬂ_»_h“_m“ (Lon)(P96T) ouebed
palengeing) N'd ‘NN T ‘g Y ON 6 10} A]Ma3M NN Arewitid @ : : : (z'9)LVHO uspams
(59)(T66T) UlIPON
umzog\ﬂn_ow,_v_m mmw_w%_vmﬂ”_ww% M@M;M ZAdT 'SAdI SereIs Auunwiwg pue (g-)(T66T)
annisod M q [44 (€6) [s1eak g ~] Adl9 Joud € yum uaipjiyd (6¢-Lz | owriouo (puelhren)
11s0douas $123[gns |1e INQ) O ‘g ‘¥ S . -
17 S3A TZYT'L'ET'0 0I9A {(62) [s1eak 7 ~] AdO? Joud € ynm uaIPIYD | 10 8'G-L'S) TAdOW vsn
uorneuiddeA Arewnd
30UIS aw} pue siaul abusjeyo Sa1elS Alunwiwi ,Juadal,, ON :Sa1els Auunwiw|
-ald yum ‘adArolas pue pjiyds Aq wuioy (sannisod (z¢g) [s1eak ot-€] abusjfeyo
pale|nge) ul payiodal SINSaJ UoIBIdX] 10} AJUO Z 15€]) MIN Arewnd 810J3Q S1eaA g pue g usamiaqg (z+T)AdOd 10 AdO} (sdfy (0or)(Y86T) OlUSIN
Add'NT'4d'a'd ON 0/1'08'€C‘8'€ pue e78H Arewinid T 1se3] 18 JO AI0JSIY BSIBAIP UNM UBIPIIYD | yoEd 10§ G'G) AJO} uedep
we
AdI [N} Ul UOISISAUOD043S BAITR[NWND
9%00T ‘WIe AdI? [In} 0} pasedwod (esez
wie 8sop Ad| [euoiloely 10} Juasayip 'd) .saulapinb €/\dI :sarels Anunwiwi (GST) (29)
Apueayubis synsal uonaiox3 (wie OHM [supuow /] AdI [euonoely Joud € yum usipjiyo (0102) PowweyoN
AdI leuondely 1o)) O 'd ‘M ‘H‘O ‘g ON ) 03 BuIpi029y,, 4(26T) [syruow 7] Ad19 Joud € yum ualppiyd (9) TAdOW uewo
AdT+AdI ‘ZAdI ‘TAdT :saes Alunwiw
[wae yoes ur syyuow g7
1e pabualfeyo] (€2) AdO} JoLd € ynm uaipjiyd {[i/]
(zezs "d) .[sunsa AdI9 Joud € yum uaIpjiyd (02) AdO3 10w g usy}
UOI1849X8 WoJ}] papn|axa ale o Aep ‘AdO? pue Adl8 uayl ‘AdI8 Joud T yim uaipiyo (€9) eNndO}
uo sasnJiAoljod pajalaxa oym syaslgns :(08) AdO} Z Uy} AdIa Jowd Z yum uaipjiyo {(#'S) ZAdOL (co)(£66T) UlpoN
UaAg[3,, Umouxun A‘N'd ‘M ‘0'4'a ON 12'2'€'0 0JA :(62) AdO} T UdY) AdI9 Jonid Z ynm ualpiyd (G'9) TAdO} (puelhren) vsn
(267 d) AdT+AI ‘TAdI ‘TAdT 'S4 'seress Anunwiwg
«pautejdxaun urewsl,, Sa110JeI0qe| 2 (19) [syruow ¥] AO? UaUr AdID
W0 S)NS3J UONBIOX® Ul S80UBISlId Joud T yum uaippyo 4(15) [syuow €] Adie Joud (65)(¥66T) Aeswey
umouxun A'N ‘0 'd PIN [ T ynm uaappiyd 1(26) [stpuow €] AdO} Joud T ynm (5°6) EAdO11(5) | PuB (,)(S002) JoulN
"M '9 4 '(aBuajreyo p,€ pue pg 40j) O ON 82'TZYT'L'0 snsayJ |ejed ualp|1yd :(2) [stpuow ¢] uaipiys pareuroderun | Z2Ado? 1(9) TAO} N
ZAdT ‘TAdT 'S4 :serers Anunwiwg
(3s0p pig (dnoib AdO umoiB-Aaupiy Asxuow ui yoes
painseawl Jaye Ajuo € 1se|) dDd paisau 6 + AdO umolb-0Ja ul yaes zT) [syuow Q1-8]
S3SNUIA P313JIX3 JO UOISIaNDY 09 ‘0S ‘ov ‘0€ ‘0z | oy1oads-adAy pue AdO?1 Joud g yum pue ‘[syuow -] AdO? Jod ) (£66T) 18118
NdMH'D'4'a ON | 0T'9'v'e‘'2'T'0 | O3 pue g-d3H T yum ‘[syuow 8-9] AdO? Joud ou yum usipjIyD (dN) AdO? aouel
mﬁmmcw__m:o elep sapinoad
¢partodal Jaye sAep) poylaw Apnas yoiym 10y (s)arers Aunwiwi Jusdey (101)
S9JON | SJ4813 SNUIA SaLWI3 Uo1193]|09 BLETTRIER (uonaaoxa abuajeys-1sod a0y palsal Jaquinu) (%5@10 Bolyy) (ueak) Joyine 1sii4
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 February 20.

Risk Anal. Author manuscript



Page 60

Tebbens et al.

subredwed AdO 40 1988 Allunwwod
ainseaw 0} paubisap Apnis

3S0p AdOow

Z-daH

S)|Nsal UOI}BIOX3
pauiodal 1oy paulwIBlep ag Jouue) :sajels Alunwiw|

(£85) [sreah gy-stpuow
€] sjenssiun yruow-T Je spunos ubredwied aAIssadoNs
Buninp ZAdOW usyl ‘eAdOW Usyl ‘TAJOW paj Adl

(,9) endow
'(,5°9) endow
1€ TAdow

(,z0)(196T) UIges

ALdOWNM'HDI'GYV ON p.€ JolE yluow T pue MIA snsayy Joud Jo s1aquinu SNOLIEA UM S}npe pue uaipiyd (o1yo) vsn
S1Jnsal UoI}aJoXd
suBredwed AdO J0 198j48 Alunwwiod paliodal 1o} pauIWIBIBp aq Jouue) :Sajels Ajunww]
alnseaw 0] paubisap Apns T 301W UJIOgMBU (22) [steak 0T — syuow (9'5-2°9) wy7)(096T) UIges
ALdMO‘1'HD4'g ON ‘8'9'V'€2'T0 ‘Z-03H M | 2] uBredwes Buninp payoess uaip|1yd pareulddBAUN €T TAdOL 0IX3IN
S10IU0I AJUNWIWOD
Buowre synsaJ UONaIIXa SAPN|IU] TAdT ‘S :s8re1s Alunwiw|
umousun A ‘1 ‘(s1oepuod (20v) [€T-01 AdO} Joud T yum (evD)
10} 1daxa) d ‘(w.e 1983U0d Ul AdO S¥98M TT-0T uaIp|yod {(s8g) [£T-0] swuaidigal AdO? 40 S19BIU0D (#96T) e10J29-RI0Y
‘sdnoJB afe awos ut EAdM) | '4 '3 ON ‘SHaaM €-2 0 SN pareutodeAun :(20v) [€T-0] uaip|1yd payeurodeAun (4N) AdO} ©I1Y BIS0D
s1oeIU0D Aj1we) Buowe
S1|NSal UoI}aJoXa sapnjoul ‘pauodal AdT+AdI ‘TAdT ‘2AdI ‘S :sa1els Anunwiw|
os|e uonaoxa [eabukieydoio (zT1) [syiuow 6T-01] 2dA1 yoes Jo Adow
AN O ‘(s1oeu0d Joud T pue Ad] Joud g yum ualppiyo (9) [syruow
104 1d90X3) d ‘(S}NsaJ uonaIdxa 6-G] 8dA1 yoea Jo AdOw Joud T yum uaipjiya
J0 uomreINp Jog) O ‘N 1T ‘(sHnsal ‘(1) [suuow GT-9] AdI Joud Z yum uaippiyo 1(9) | (2'8) xo4-M (2'S) (ern)(d096T) UBfI0ld
UOI319X3 JO UoIRINp 10§) © ‘Q 'V SSA Appioam aoim]. M [syauow g-T] uaipiyo aanebauolas pareurdoeaun | z1/-d '(2°S) IVHD (Assiar MBN) VSN
‘paulwexa 0s|e suolaloxa [esbuhreyd
uo abesop SnJIA JO dduBN[HUL X04
‘paLren aouanbas adAjolas pue ‘abesop -M ‘2T.d ‘1IVHD
abuajeyo ‘uorreulddeA 1siiy Je aby 1N ‘SH :sarels Alunwiw| YU S3sop pue (er)(096T) unpio|d
Ad TN ON a|qeLIeA dN SUIOOMBN S9|NPaAYIS SNOLIBA vsn
(5'9-5'T) X0
1IN ‘S sayess Anunwiw (¢L-z9) 21Ld
(v (9-v) uosxjoer
A SH99M 3I0W 10 1e103) [SAep 0Z2-9] QW |eUJaTeW INOYIIM SUIOGMBU (L'9-L'p) Je1sipmy (9)(BS6T) UDIOId
'd ‘M 7 “(uossioer o/m wie z 8dAy) @ ON | 4oy Apeem sommL MIApuee1eH | (85 1ei01) [sAep 2€T-0] AV [eusiew yim suIogmeN (§°2-2'€) IVHO (Asstar MaN) WSN
€AdI :sareIs Aunwuwi (e8)
pauodal (T¥) [syruow 6T-5'/T] (0002) UaueleA pue
$1192 9021 W0y uone|os! stuIA AluQ 2 's€ ‘82 ‘T¢ AN AdI pareAnoeut-uisdAiy payipow Joud € (Gt) (69)(666T) Uaurellld
d'9o'g SAA 9T 'ZT'8's‘z'o uaaib pue gog1 | [syiuow 6T-G'2T] AdI® Jeinfas soud € yum uaip|iyd (L'g)endow puejuig
ZAd1 ‘EAdI ‘'S4 serels Anunwiwg
[wure
awi 1ano 4oea ui syuow og-zT 1e pabusjieyd] (g£z) sau1odea
Salel UOIIJ0Xa 10U ‘pariodal UOIBIIXD SYoam otjod-uou Ajuo BuIAIadal UBIP|IYd pareulddeAUn
JO suoneINp Ueaw parewnss AJuQ 9 10} Apjasm 891w Buipons (£G) AdO? Joud € ynm uaipiyd ‘((auojepuers) (89)(G96T) STHd
d'N'M'D ON 801V UBY} ‘0 ‘e79H pue MIN 8T + (UoneuIquIod) TG) AdI Jond € ynm ualp|iyd (L'7)TAdow N
LT
'd) . snuinoijod g adAy paplaiA sjo0is
mﬁmmcw__m:o elep sapinoad
¢partodal Jaye sAep) poylaw Apnas yoiym 10y (s)arers Aunwiwi Jusdey (101)
S91ON | S48M3 SNUIA SaWI} UOI193[|0d BLETTRIER (uonia19xa abus|feya-1sod a04 parsal Jaquunu) (512 Bolyr) (aeak) Joyine 1414
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 61

Tebbens et al.

(8'5%) ENdO?

TAdT ‘LI isapels Anunuwiwg (=) 2AdOY
(AdOQ pa} 69T S ‘AdO? P8} 89T S ‘EAJOW pay (9%) TAdO}
G9T S 'ZAdOW pay 0LT 5 'TAJOW pa} 89T ) [shep {(8'59) endOY
(G897 | 0€] su1d0eA auIes pay AdO} 40 ‘AdOU ‘€ ‘C ‘TAdOW (9%) IndOY
d) .ssuljapinb Joud T yum uaipfiyd (AdOd Pa} 69T S AdO} (8'5”) endow
(sBuseyo puodss OHM P 89T 5 'EAdOW Pa} GIT S ‘ZAJOW pa) 0/T 5 '(53) Zndow )(0T02) Jenns
O 'd " 'H 'D ‘(sulre awos) 4 ‘g ON 1040) 0€ ‘L 0} BuIpioddy,, | TADOW pay 89T ) [sAep o] uaipiyo pareurdseaun (6'5) TAdOW elpuj
AdT+AdI >NH>n_._ ‘sejels Anunuiwy
SWie |[e ul syluow GT
(022 °d) .s1sAeue (892
aBusifeyo-1s0d aUp Wi PApIoX ) LOHM o1 Te pabusjreyd] .\Amomv EAdOW T udy AdO? Joud §
a1am abuajreyo ayp alogaq 1snf Aq paystjqeise | um UaIPIIYY 1 {G02) AdI8 T UsLp AdO} JoHd § ypm (0002)
snJinoljod palaIdxa oym ualp|iyD,, salnpadoid o/ (9)(0002) J8mns
45 'H ‘umouyun @ g oN 10 DIepUElS,, ualpiy2 ”\ETmmc AdO¥ Joud 9 ynm uaip|iyd (T'9) SAdOW uewo
A\dO1 pue
sabesop Jualaylp Yyim sjeLi ajesedass
S3PN|aU] ‘S}9BIUOD [eUOINISUL S}JNSal UoI}aJoXa (z17)
Buowre synsai UONaIIXa SAPN|IU] sisejqoiqy | panodal 1oy paulwialep ag Jouur) SaYeIs Alunwiwl| (g) endow | (6S6T) AesiuIpoIOWS
A S$0aM 0T-6 104 oAiqus (TAdOw Ajuo Jo g2’ TAdOW () zandow (Bangsiared 1S)
‘N “(s1023U09 10§ 1d3IX3) d ‘M ‘H ‘O ‘g SBA Apeam uayy ‘v ‘1 uewiny pue M pay) [s1eak €-G°0] uaip|iyd pareurdseAun {(S) TAdOW | uoluN 191A0S Jawio4
SaJelS Alunwiwi ,Juadal,, ON :Sa1els Auunwiw|
[swire |fe ul sieak gT-9T
1e pabuajfeyd] (8) A101S1y UOITRUIDIBA PaLWIIIUOdUN
pajusWINoop AJIea|d sajel UOIaIIXa yum synpe BunoA () abuajfeyd a1oyaq sieak
pue Ja)11 q aulodeA-aid diysuonejoy SEEI s|192 2T 2 AdO 18] yum synpe BunoA {(9g) abusjeyd (5'S) ENdO1 (G) or)(9L6T) ynuws
AdONWML'A'Y ON € 4oy Aptaam MIN Arepuodss 210430 19K 9-7 Ad 1sB| Ynm synpe BunoA | ZAdO? 1(9) TAO} N
S19JU0I [RUONINHISUI S)NSaJ UOIIBIIXd
Buowre syNsaJ UOIAIIXA |83} paliodal Joj paulwIBIep aq Jouue) :Ssajels Ajunww|
pue [eabukireydolo sapnjou| ‘paniodal (2) [s1eak 9g-6T] Apnis 03 Jonid syjuow g 18suo
0S|e Uonalaxa [eabuhreydoio yum syusired orjod anAjeted {(zz) [siesh 65-syiuow
AN '(s1083U00 v ‘82 S| Ex] 9] Adl Joud € 10 Z ynm sfenpiatput 1(99 [e303) (vv)(€96T) LabaIS
loy1deoxe) d 'O ‘N‘N‘M'‘a'a'Vv SAA YZ'vT'9'v‘c'o M Aewnd [s1eak g5-supuow 9] Adl Jonid ou yum sjenpiAipul (§°6) TAdOW Auewts
ZAdT 'TAdT 'S4 'sareis Anunwu
3s0p yoes Jaye (0 (T€) [sypuow 9z-9] AdO} Joud g @)
AKep Jour) sxpam ga0z1uayl | yum usipiyo ((ze) [sypuow yz-v] AdO3 Jotd T yum (5'6) EAdO? (S) (€002) Yoinojiowes
d'I'H'D4 ON 6 10} A1a3M ‘zdaH pue @y | uaipiyo (82) [sypuow zz-z] uaipiyo pareurodeaun | ZAdO# ((9) TADO} sniejag
TAdT
‘paulwexs osfe Adl ‘AdT1+AdI ‘EAdI ‘ZAdI ‘TAdI ‘s81eIs Anunwiwg
juanbasqgns 031 asuodsal [e2160]0J8s [sw.re [re ur syuow g ye pabusjeys] (TT) yMiq
‘011931109 J0 Aep Aq S1811 SNUIA 18 TAJOW 0} asuodsal Jo aduapIAa pue Ad| Joid
pue ‘sniels qy ‘sasop Adl Buipnjoul €-0 Yum ualp(iyd {(0T) yuiq e TAdOW 0} asuodsal
‘Plyo Ag payeingey Ajny synsey GE '0€ ‘02 40 92U3PIA3 OU puB Ad] Joud €-T Yam uaipjiyd :(9) (z9)(€96T) UIes
A'Nd'NM‘a‘g ssA | ‘ST'OT'L'S'€'0 Z-0aH pue M K101814y AdO OU pue AdI Joud g-T yum uaIpjiyd (6'3) TAdOW vsn
mﬁmmcw__m:o elep sapinoad
¢partodal Jaye sAep) poylaw Apnas yoiym 10y (s)arers Aunwiwi Jusdey (101)
S310N | sJam3 snaIA SaWI} UOI193[|0d BLETTRIER (uonaaaxa abuajreyo-1sod Joj paisal Jaquinu) (512 Bolyr) (aeak) Joyane 1sa14
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 62

Tebbens et al.

pasn unsajsed-1joues wolj >n_O_u

80TT "d ‘T 3]qeL Ul 3w} J9N0 Paisal UaJp(Iyd Jo Jaquinu isaybiy o1 [enba patunsse Ing patiodal Apioijdxa Jou azis ajdwes

q

a|dwies abuajjeyo-a.d sareaIpul Q "aSIMIBLIO0 palou ssalun,,

:S310N

uoneziuebiQ YieaH PHOM = OHM ‘eaLBWY JO S8TeIS paliun = SN ‘Wopbury| psiun = MN ‘8u1d9eA sniiaoljod [eJo Jusfenlsl = AdO} ‘Sniels
21WOU098-0190S = S3S ‘nun Burwioy-anbejd = nyd ‘autaden sniinoijod [eio = AJO pauodal Jou = YN ‘Aep uoleziunwuwi jeuonreu = AIN ‘(AjpAndadsal ‘s ‘g ‘T 8dA1) au1a9eA sniiaotjod [elo JusjeArouow

= (€'2'T)AdOW ‘Asuppy Asxuow = MIA ‘dunwwil Ajjeussyew = [N 'SUOIIBJUL Ad 2 < = ZAdT {UONDBJUI AdTT T = TAJT ‘SNIA010d BAI| = AdT 'SUONIBIUL AdTT T < PUB AdI [NJSS80oNs T2 = AdT+

AdI ‘S350p AdI [NJSSadINs € T =gAd :(81e1s Anunwiwir) sasop Adl [NJSs8Ins g =zAdlI ‘S0P Adl [NJssadans T =TAd| ‘dUId9eA sniinoljod pajeAndeul = Adl ' ulingojB-ounwwi = B ‘ajqndaasns Ajjny
=S4 ‘au199eA Snuiaoljod pareAnoeul Aoualod-pasueyua = Ad|a ‘S3SOP SNOIIaJUI 8in)N2-anssiy Jo -[13d = 0SQ|D ‘aulddea sniinoljod [elo JuafeAlq = AJOY ‘Apogiue = gy :(saul| 1189 Buipn|oxa) swAuoIoy

abe Jo syeam QT pue 9 1e AB0J0Jas uo
uewQ ui subredwies ssew 0} ainsodxa
Arepuo9as Jo 19a44e suodal osfe Apmis

(pueireyl) 1 ‘0 'd ‘(puejreyL

AdT+AdI ‘€AdI ‘TAdT :s8eis Alunwiw

((86¢) pueyrey L pue ‘(z9g)uewO

‘(yeg)eIques) 1oy paliodal Swe |Je ul uaJpiyd
1101 Ajuo)[swLie [[e ul syaam 7z Je pabusjjeyd]
AdI9 Joud € yim uaip|iyd ‘AdI8 Joud g pue AJO}

(2)(L66T)

OHM

pue (02)(966T) OHM
puejrey L

pue e1qweD) X ‘(Uewo) £ 'H ‘0 ‘g ON L'0 s[180 Z-d3H Joud ¢ ynm uaIp|iyd ‘Ado3 Jond & Uam usIpjiyd (9) TAdOW pue ‘uewO ‘elquies
S}|Nsal UoI}aJoXd
pauiodal 1o} paulwIslep ag Jouue) :sajels Alunwiw|
pauodai os|e (Adl Joud Z Ynm z + pareurddeaun 9g)
SASNUIA Pa}aIoXa JO dOUBINIIAOINBN [sabe |1e] synpe pue uaip]Iyd pareulIddeAuN Ajlsow (9-5) ZAdoW
umouun puoAaq pue gy ‘sg annisododas ardAlowoy (gzT) [sebe |[e] synpe (9-6) eAdOW (gor)(BS6T) BPUILIBA
A'd ‘0 ‘(swalans g Aluo) W M ‘a ‘g SOA ‘82'TC VT 'L'0 4N | pue uaIpIyd pajeurddeAun aaleBauolss o1dAlowoH {(9-9) TAdoW SpuelIayeN
Ua4p[1Yd 43P0 10} paulWLIalep ag Jouued
‘(uaipiyo BunoA annehauoias) S :sarels Alunwiw|
«Qmiv 692 + (2/\d) S8T + (TAd) 26€) [sreak
TT 2 - syuow § ] AdOw pay Adl Joud inoyim
POIPNIS OS[e S1OBIU0D 1O UM UaIp1yd aAnisodolas o_aboEo;.«QmSn_v
Asssinu pue Ajiey Buowre uonaiox3 2021 + (zAd) Sz + (TAd) 922T) (0'8) endow (19)(996T) 'W04NS
AN d ‘(uaipnyd 95 '6v ‘¢ 'SE AN [s1e3A 1T = - sypuow G 5] AdOw pay Adl Joud (5'2) endow "wpY aul2eA
BunoA 1daoxa) O ‘N M ‘H 'V ON ‘82 ‘T2 YT L0 snBjowouAD INOYIIM JO YlIM uaip|iyd aaireBauolss o1dAlowoH ‘(¥'2) TAdOW ueder
$1083U02 AJ1LUB) WO} AdT+AdI s81els Anunwiw| A«mm_m
SHnsal UoNaIoXs $3pnjoul :36u3) ey uB1y-eIpPIW ZG + S3S Mo] 28) [stauow T1-6] AdO?
sz pue a1048q ANAnISodoIss 900T Z pue Adl8 Joud z yum uaipiyo (g2) [syuow
A ‘(slem sniin Joy) X . : Yy (8's) EAdOY 1(5) (8)(8002) Z1EMS
‘(s30B3U09 40} 3d30X9) d ‘M ‘H 4 ‘G 'V SOA 82'TZ¥T°L'0 €0z LT-GT] AdO} € pue AdI8 Jo1d € yum uaipiyd | 2AdO3 H(9) TAJO} |eis|
ZAdT ‘TAd 'S4 :serers Anunuwiw
J3JUIM "SA JBWIWNS (922) [syuow g] AdO? Joud € yum uaipliyd
pue dnoJf [e100s Aq paiizess s)nsay AN {(922) [puow g°€] AdO} Joud Z ynm uaipyiyo (5'5) EAd0? (9) (¥5)(2L6T) ZHBMS
ADdM'H'DY ON L0 uaaib ueatyy {(922) [sypuow ] AdO} Joud T ynm uaipiiyd | ZAdO? 1(9) TAJO} [geus|
mﬁmmcw__m:o elep sapinoad
¢partodal Jaye sAep) poylaw Apnas yoiym 10y (s)arers Aunwiwi Jusdey (101)
S910N | S48113 SnJIA SaWI} UOI193[]0d 10 3ul| [139 (uona1oxa abus|feyo-1sod a0y paisal Jaquinu) (%5@10 Bolyy) (aeak) Joyine 15414
(T 81qeL 89S) suolrenwiT] pa1849x3 a|dwes uoIe|os! SNUIA [abuajjeyo jo awn ye abe] swae Apms pabusjreyd asop abuajfeyd uoied0T

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 63

Tebbens et al.

jiod Buijduwes Aue ye paisel sIaquINU WNWIXEW 198484 8]qel Ul SIaquinu ‘[eassiul Buijduies sy} JaA0 palsal UsIp]IYd JO Jaquinu aAre|NWwINg 1odal Jou ssop ApmsS

Y

30U8|ensdoJss J0) PaISa] LIe YIea Ul UaIp|Iyd 103148l 8|qel Ul siaquinu ‘pauiodal 10U S)NSal UOIBIOXa Ul Papnjaul JO JaquinN ’

Author Manuscript

Jainoeynuew (//T=u) ueadoin3 e pue (86T=U) ¥SN © WOl 3s0p AdO} ise| Buialadas sdnolb sspnjoul,

$3s0p Adl Joud Z AJuo Ym pjiyd T apnjoul synsal co_yeoxmc

wopues sem dnoub abus)jeya asop-ybiy ‘S asop-mo| 03 Juswubisse _Lm>m>>o_._m

pasn Xnawap\ najsed WOJ) >aok

nyd Boj :_m

pasn a]48paT-Y1aAM WOy mc:E:o\V

Author Manuscript Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 64

Tebbens et al.

(T a1qeL 98s) O Jo/pue ‘N ‘(we jou0d 3|qrdadsns A|jny Jo a1els Alunwiwi UsAIb Jo wie Ul 1ayia) @ ‘g Suoleywl] YIM Saipnis papnjoxa m\Sm

:S9JON

8U1908A snuIAo1jod [BI0 = AdO ‘SnUIAOI0d BAIl = AdT ‘8UID0RA SNIIAOIIOd PajeAldeUl = Ad] :SWAUOIOY

a1eIapoN aresapolN | aresspoN aYelapolN ybiH (52'65'29)C | suonoaul Ad T < pue asop Adl [nJssadans T 2
91eI3PON ubiH UbIH 91eI3poN ubiH (L '24-01 ‘89 ‘79 ‘v5 ‘v ‘sz '72)0T SUONJYUIAdT 2=
3jeIapoN ubiH UbIH | evesepOIN ubiH (€1-01 65 ‘15 ‘75 ‘05 ‘v2)8 uondBJuI AdT T
81eJapoiN ubiH ubIH a1elspoN ubiH (89 ‘29 ‘85 ‘95 ‘v ‘52) S S3SOP AdI [NJSS3INS € <
ajelapoN ubIH ybtH | eresspo ub1H (r9-29 ‘s 'v2)S $3S0P AdI |NJssaoons

Mo moT | erelspoN ayelapolN Mo (6529)T 3s0p Adl [NJssa2ans T
81eI3PON ybiH | aresspoiN 91eIapPOoN ybiH (5 ‘05 ‘e7)€ aunwiwi Ajjeusarein

apedb |fessnQ | Aousisisuod | Auend | souensey | ubiseq | e (s5o)SBIPTIS PIPNIOUL 0 JSGUINN 81e1s Allunwiwi Juadey

‘saIpn1s abuajjeyd AdO W04 uo11a1axa snaiaoljod 01 A1jIgndaosns aAlle|al syl Joj 82UBPIAS 8y} JO a|ge) Bulpeio

Author Manuscript

Author Manuscript

‘€ 9lqeL

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 65

Tebbens et al.

T< | 810 | 2vo v8ILT 8/8€ ¥8/92 29/e€ 29/S 29/8 OdHO43 mo7 | (0x)(§66T) 04aV-UayoD
UOHOBJUI AdT T
9260 £2/6T 69/55 dINMO Mo | (go)(§96T) STHd
95°0 vele ev/T dMHD UBIH | (or)(266T) %O
16°0 8v/0y 26/0L dW9D Mo | (s2)(996T) A1ueH
T< | 60| 1< vS/E a8y 516 515 zsisr | zsiot dHo4 wnipsNl | (z9)(2002) ApMiS AdI ednd
(89)(T66T)
T< | 080 | o¥0 €1/e €T/S €T/0T 92/81 9/8 9z/8 d94d Mo | 16O pue (o¢)(€66T) WeveIqy
S3S0P AdI |NISS8INS € 2
980 | 280 | T< 8v/8¢ 8viey 8v/0C Zvite | eviee | ewiee dMHH0 moT | (r9)(G002) Hssee]
T< vele Tofy dMHD UBIH | (o)(c66T) %O
0T | 060 | T80 L9/eS L9/6G 19/99 8L19 | 8Le9 | 8Lz dMHA0V wnIpsAl | (e9)(Z66T) NIJBPaN-UO|
£6'0 0E/vT TE/52 AdN wnipsNl | (2)(T96T) UopuayD
(z9)(£002)
T< | 1< | 1< vS/E a8y 516 zuot | zue | zuet dHo4 wnipsN | dnoio Apms Adl eqnd
S9S0P AdI [NJSS8IINS ¢
(62)(766T)
T< | 1< | 1< LSIT LSiry 15/5€ 16/9T | 71S/Ev | TS/6E ENBE| mo | Aeswey pue (,)(5002) JoulIN
3sop AdI [N4ssaans T
86'0 8v/0 GG/S AdTH Mo | (er)(096T) uBIOld
TL°0 160 ET/ET ST/ET T2/ST T€/92 AT Mo | (s9)(6S6T) UBIOId
€80 | €80 | 680 /79 55/6€ STT/LL soiee | 9oee | ezt AdH4 wnipsNl | (0)(986T) Buog
aunwwi >__mc‘_2m_>_
Ad Ad Ad
Auy | eAd | 2Ad | TAD | Auy EAd [2\%! TAd Auy eAd ZNd TAd
a1ewWIIse wue sa1e)s cho_uﬁ_E__ b___%_mmwmmcm‘: jas(1e8k) Jouyne 1sa14
A11g11daoasns annelay 31qndaosns Ajny ul palssl [€101/5103840X3 Alunwiwi Ul palsal [101/5401949X3 a|qedljddy SnJINOI0d a1e)s Ajunwiwli Juaday

m.oabemm pue a1e1s Alunwiwi Juadal Aq ‘(€ a1qel) saipms abuajeyd AdO Papn|oul Woly paALIap sajewss Alj1gndaosns aAe|al apnid Jo Arewwng

Author Manuscript

‘v algeL

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 66

Tebbens et al.

(Ajannoadsal ‘g ‘z ‘1) adA1 snuinoijod = (£°2°T)Ad ‘au1odeA sniiaoljod eio = AdO ‘shuinoljod a.

= Ad] ‘aUI20.A SNIIA

:S9JON

od pajeAnoeul = Ad| :SWAU0IOY

810 ZEMT L00/SZ Ad UYBIH | (s,)(€002) 101818UD NP JUBEd
(69)(¥66T)
T< | 10 | 2z0 LSIT LSiry 15/5€ 15/€2 16/9 TG/L dX9o4d mo | Aeswey pue (,6)(5002) JOUIN
SUOIBYUI AT T 2
pue sasop Adl |Nyssedans T 2
€e0 | 600 | 920 9zeive | 9zewlT | 9ee/SoT oze/te | 9zziot | 9zeiLe dMHOH wnipaiN | (s)(226T) Z1iems
G0 | zro | 9g0 8z/et 8z/2e 82/Te TE/0T TE/E TE/ET dIHO4 wnipayy | pe0(€002) UIROlIOUIES
70 £2/6T £5/8T o) Mo | (go)(§96T) STHd
6T°0 ZEMT 9TeIVT AdM UBIH | (s)(€002) 1819¥8UD Np Juared
€90 | 820 | 150 0z/8 T2/6T T2/LT 9Ty 9Ty LTIL dMHO4 mo | (p(L66T) 18IIeIN
620 | TT0 | 8T 8v/8c 8viey 8v/0C TviL iy TV/E dMHHD Mo | (49)(5002) Ussee
oo vere 09/2 dMHD UBIH | (or)(266T) oM
8€'0 8v/0v 0S/9T d9 Mo | (s2)(996T) AuaH
44 0E/vT 16/8T Ad wnipsiN | (r)(T96T) UopUBYD
850 | L00 | €€0 v8ILT 8/8¢ 8192 89/8 89/ 89/L OdHO43 Mo | (0,)(S66T) 0gw-Usyod
SUOIBYUI AT Z 2
850 | 200 | €€0 ozezive | 9zewlT | 92z/S0T ozevs | 9zeiie | 9zziee OdMHO4 wnipaiN | (v)(226T) ZeMS
99'0 | 0z0 | 850 82/et 8z/ee 82/1C zel6 zels ZEMT dIHO4 wnipa ua%oou UOINOIIOUIES
(69)(V66T)
T< | 020 | 690 LSIVT LSIvy LS/S€E L8/ LS/6 LSIve ENEle] mo | Aeswey pue (,)(5002) JoulIN
0T | S50 | s¥O 0cz/8 T2/6T T2/LT 0z/8 0¢2/0T 6T/L dYH94 mo7 | n)(L66T) 121N
€10 | 600 | v€0 181/29 | 18T/S2T | T8T/ZET 18T/SP | T8T/TT | T8T/SY Od194 wnipsN | (e)(L66T) OPRUOPEIN
S0 0E/vT ge/ZT Ad wnipsNl | (2)(T96T) Uopuayo
€50 | 810 | 920 SLIv9 55/6€ SeT/LL 80T/6v | 80T/WT | 80T/LT dHo4 wnipsNl | (0g)(986T) Buog
Ad Ad Ad
Auy | eAd | 2Ad | TAD | Auvy EAd ZAd TAd Auy eAd ZNd TAd
a1ewIss wue sa1e1s cho_HS_E__ Al .%_memmcm‘: Jaa(1e8k) Joune sy
A11g13daasns annelay 31qndaasns Ajny ul palsal [€101/5103840X3 Alunwiwi Ul pa1sal [8101/5401949X3 a|qedljddy SNJIAOI|0d a1e)s Ajunwiwi 3uaday

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 67

Tebbens et al.

uonaloxa yead Jo awi

101323]109 1B Pa)sa) UBIP|IYD JO JBQLINU 8YeWNSaIBA0 Aew pue porad Burjdwres Burinp awi Aue 1e paise) Ualp|Iyd JO SIsGINU 193484 SIOFRUILIOUSP ‘aLul} L0123 |09 ajdwes yoes e papiaoid suoiuodoid >_c0h

(£5)(5002) JOUIIN JO IA BIgeL Ul (DSEIN 10U ‘VidH “a'1) SInsal [eulbLIo paseq S1squinN,
A\ Uolreniwi] 01 30adsal yim Apnis ay ssasse 01 AJljIgeul Ino SaedIpul A, [|BWS ‘JUoj pjog Ul UMOYS SUoIeIWI| . [e91111D,, ‘S|OQUIAS uolelwi| 104 T a|qeL mwmn
sa]els AJlunwiwi 03 swire Apnis Jo Juswubisse sy uo s|relap 1oy TV a|qeL mmmw

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 68

Tebbens et al.

paulquiod sjualdioal asop Adl € PUe Z 40} 8w JAAO Sajes Uo1aloxa T adAl AdO Juaferouow sapiaoid Amvvammd ‘e v_ov_u

(O uonelWwI)) saIpogiue [eulalew J0 3ous[eAsid Mo 01 anp EA 104 MO] SI 3peIS)

q

a1} uoo9]|09 ajdwes suo 10y s}Nsas Lodas AJuo Teyy saipnis pue ‘(T |qeL 88s) O Jo/pue ‘N ‘J ‘@ SUOIBIWI| YHAM SIIPNIS PapN|Ixa m,

:S310N

au190BA snuIAolod [eI0 = AJO ‘Snuino1jod 8AI] = AdT ‘BUID9BA SNIIAOIOd paeAloRUl = Ad] :SWAU0IOY

suonaaul
aleJapoN 81eJopOIN | siesspoN | eIeIBPOIN ybiH (a2 '29)C (6L '29¢ Ad T < pue 8s0p Ad] [NJsseoons T <
aeIspoN ybIH ybiH | eresspoN ubiH (6289 '9z-v2)S (6299 ‘st 9z 's2)V SuonBYUI Ad1Z 2
ajelapoN a1e1apoN ubiH | eresspoN ubiH w)T (€885 '16)C uonoRuI Ad1 T
81eJ8PON ybIH ybiH | eresspow [ ybiH (6989 9z ‘¥ q(@8 699992 's)E $350P Ad] [NJSS829NS € Z

Blep ON
MO MO | 8relspolN 9JeJapoIA ybiH )T q S9S0P Ad| |N4SS8IINS ¢
Mo AJap ©Jep oN elep oN 3s0p AdI [NJssaans T
Mo 81eI3PON ybiH QEE%OE MO (9T ()T aunwiwi Ajjeussrein
ajelapoN ybIH ubiH | eresspoN ubiH (v8'89 s ‘5z 'v2)3 (98818 17 '52)9 8|qndaosns Ajin4

uawi19ads 1001s awn
annisod 1se| [1nun awil abelany 10 uonouny e se bunauoxs uontodoid
apeJf |jesanQ | Aosuaisisuod | Auend | souensisy | ubiseg JOELIX PINOD SM YOIUM WO  (sjo) SSIPMIS PIPNDUL JO ISGUINN a1e1s Ajlunwiwi JUaday

Author Manuscript

‘'S al|qeL

Author Manuscript

"S3WI} UO1193]|09 UaLIdadS |001S OM] 1Sea] 18 YlIm salpnis abuajjeyd
AdO 1US[EAOUOW WOJ W] JIBA0 UOII2IIX8 |83} Ylim suoliodold pue uawidads |001s aAnIsod 1se] ay) [1nun awil abeiane 10) adUsapIAg ay) Jo ajgel Buipelo

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 69

Tebbens et al.

9 't z8 0z Adav Mo (s2)(T66T) 0lIOUO
o1 0z 'S g ST do Mo (s2)(996T) AlusH
zs 82z z 81 AdX wnipajy (r2)(T96T) UOPUBYD
SuoNRYUI Ad1Z 2
9y 8z'¢ z 154 AdM Mo (v2)(T96T) UopuUsYD
uonoaul Ad1 T
62 W'z 5 Pl 408 Mo (60)(666T) UBUIEIIIG
zee v ge ge 55 dNMD Mo (89)(S96T) STHd
§'sT 't z8 65 AdMav Mo (s2)(T66T) 01eI0UO
L9T 0Z's S 29 diNo Mo (s2)(996T) AlusH
$9S0P AdI [NJSS3IINS €
ezr 822 14 ras AdINM wnipajy (r2)(T96T) UOPUBYD
$3S0P AdI |NJSsa2INs 2
P59 ,C6 7T ce 85 AdN Mo (9)(6S6T) UDfIOld
aunwiwi Ajjeulsien
oLTE 58671 ce 9z AdN Mo (9)(6S6T) UDjOld
62 v Ge g 67 dMD Mo (89)(S96T) STTHd
96T 02'S g e do Mo (s2)(996T) AiusH
02 82z 14 vz AdX wnipajy (r2)(T96T) UOPUBYD
sz 182 6€ 9T Adav wnipsiN (+9)(096T) Aops0IQ
ajqndaosns Ajin4
(skep)
(sAep) s3I} UoI193]109
uswi9ads [003S uo01399]102 uawioads abusjieyd Bumes (reak) soypne 15414
annisod 1se| ay3 uawiaads abusjreys -1s0d usamiaqg SIETRNE] gmco_umu_E__ Aujigissiwsuesy . ) dod ’
|nun awn abelany -1s0d 1s®] ‘1841) JO AeQ [eAla1ul abelany 10 JaquInN a|geolddy SnJIA01|0d a1e1s AlUNWIWI U8y

, UBLIadS [001s BAINSOd Ise] Buj [1un sl abelene 8y} JO UOIFRWINSS MO][e 10 Hodal eyl saIpnis 8BUB|[eYd AJO JUS[EAOUOW WO Blep JO Alewwng

Author Manuscript

‘9 9|geL

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 70

Tebbens et al.

$3IN3INJ 189 gOZ1 Ul Jou Ing Aaupiy Aaxuow uj Ajuo aAINSod Sem OUM J038IIX T sepnjox3,
(8:T > s1am1 Apognue Je pauiyap) sajqndaasns Ajny ueys abesane uo asop Jafse| Hoj T yum pabuajeyd (aJow 1o g:T JO SIa}} ApOgiiue Se paulyap) ssunwiwi >__mE8m_>_b
Burobuo sem abuajeys snoinsid e WOJS UOIIBIIX3 3]IYM paniels Jo ‘8dAl Jayloue yiim abusjeyd Ja)ye paddols uonaloxa ‘sased awos ul $1aalgns Aq pasayip \A_g_wmoﬁ_Q

1U0J PIOG Ul UAOUS SUOIENWI] ,[E9111,, S|OGUWIAS Lone)

10} T 9|qeL mwmQ

saye1s Alunuuwi o3 swe Apnis Jo JuswiuBisse ay) uo s|relsp 1oy TV 8|qel %S,

:S9JON

sniinoljod = Ad ‘au1doea sniiaolod [e1o = AdO ‘sniinoijod 8Al] = AdT ‘8UId0eA sniiAoljod pajeAndeul = Ad] :SWAUOIOY

'8 og'e 9 S ANdANME Mo (2)(€96T) uIqes
LT 8Z:L ! 74 Ad ybiH (s)(€002) 1813¥8UD Np JuBIed
SUONJ3JUI AdT] T Z pUB S3SOP Ad| |NJSSs0INs T 2
€T v se g€ 8T dXO Mo (89)(G96T) STHd
£t 8Z:L ! 11 Ad ybiH (s)(€002) 1813842 Np JuBIed
(skep)
(skep) S8l U0I193]100
uawioads |003s uo1199]|09 uawioads abuajjeyd suomeNwI| Bumeas Ja(4e8K) Jouane 15114
annisod 1se| ayy uawioads abuajeys -1s0d usamiaq $401940%3 q Apgissiwsuesy
J1aun awn abetsny -1s0d 1se] ‘15414 J0 AeQ@ [ensayul abelany Jo JaquinN a|qeatjddy snJinoljod a1e1s ANunwiwi 1U329Yy

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 71

Tebbens et al.

(T 81qeL 93S) O Jo/pue ‘N ‘@ SUOITENWI| UMM SBIPNIS PapN[oxe m,

:S310N

3U190BA snuIAoLod [2I0 = AJO ‘SnuIAo1jod BAI] = AdT ‘BUID9BA SNIIAOIOd pajeAloRUl = Ad] :SWAUOIOY

MO Mo aJesopoN | e1esspoN Mo 2T (82'25)C | SUONIBJUI AdT] T S puB 8S0p AdI |NJsseddns T <
d1eJspoN ubiH 9]eJBPOIN | S1eIspOIN ubiH (9z-12)€ elep oN SUONJRYUI AdT Z <
Mo Mo 9JeISPON | S81eIspOIN ubIH (2L elep oN uondsul Ad1 T
3lelspolN UbIH ubIH 9JeIspoN ubIH (6929 ‘92 ‘s2)V 69T S3S0P Adl InJssedans € <
3leJspoN ubIH ubIH 91eIapoN ubIH (@9 'v2)C anl S3S0p AdlI |nJssadons g
moj Alap\ Blep ON elJep ON 3s0p Adl [NJssa2ans T
moj Alap Blep ON elep ON aunwiwi Ajjeusaleiy
ajesapoN ybIH ubIH ajesspoN | ybIH (8829 'se vV (88 'v8 ‘€ a|qndaosns Ajjn4
ueaw aAIze[NWND S 3w} JO UonoUNy B Sy
apeub |jesanQ | Aouaisisuod | Auend | souensisy | ubiseqg sS40 ueaw Buipinoad  (520S9IPMIS PSPNIOUL O JSGUINN 81e1s Alunwiwi Juadey

"sa1pn1s abua|[eyd AdO wod) (sbriane Ue Se 10) Wi JSAO UOI19I0X3 [I8) JO UOITRIIU3dUOD 8y J0J 82USPIAS 8y) JO a|ge) Bulpeio

Author Manuscript

Author Manuscript

‘L slqeL

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 72

Tebbens et al.

SUONI3JUI AdT] T Z PUB S3SOP Ad| [NISS80INS g 2

(62)  pse (sv) TAdOW dyav MOT (2)(T66T) OIRIOUO
1) 59c~ (08) TAdOW d9 Mo (s2)(996T) AuuaH
GEN T2~ (15) TAdOW Ad wnipaw (v2)(T96T) UOPUBYD
SUONBYUI AdT 2 2
(RIN) 8T (€€) TAdOW AdM wnipaN (v2)(T96T) UOPUBYD
uonaul Ad1 T
(v92) ZT'S (sv) endow dog Mo (60(866T) Lueld
(8s1) N\VNM (s¥) TAdOW daMav MO GNVA._HGO._HV OjeJouQ
(re) gL ~ (26) TAOW dAD MO (52)(996T) A1uaH
(6v) e (28) AdOY dHOA wnipapy (29)(8002) ApMIS Adl €qnO
S3S0P AdI |NISSaINS € 2
) Le€ (21) AdO) dHO4 wnIpsin (29)(8002) APMIS AdI BINO
wmzv Ty (1) TAOW AdIND winIpa (v2)(T96T) Uopusyo
S9S0P AdI |NJSSadans ¢
(88) 6% ~ (8v) TAdOW do wnipsin (s(996T) A1ueH
vmoc
(to1) 18°C (zTo) eTe (¥61) TE'E Z usyl ‘g ‘TAdOW LdMHOV Mo (ge)(T96T) 311D
(6v) 68°€ (¥S) AdO} dH94 wnIpa (20)(8002) APMIS AdI BAND
(YUN) ST’ (08) TAdOW Ad wnipajy (r2)(T96T) UopuBYD
a|qndsasns Ajn4
adA) Auy €Nd ZNd TAd
(ere38 Buimas Apny
(sa1e]0sI 8AnISOd%) Aunwwi paubisse ul gmco_uﬁ_E__ Ajqissiwsuesy pms
palou asIMIaYo ssajun 6/05q 1D 0THo| ul SNJIA JO uoIleIIUsdU0D s103[gns #) abus|reyd a1qealjddy SnJIAO10d a1e1s Allunwiw| JUsdsy

,-30UBI[BYD Joiye Bwn 1 Julod B|BUIS © Je 10 B} A0 3BeIBAE UE SB L0NBIOX? [ed8) JO SUOIIRIUB0U0 By} Buriodal saIpmis Jo synsaey

Author Manuscript

‘8 9|geL

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 73

Tebbens et al.

pauodai ou (6/0Sq1D 0THoj gT°¢

UBSL) UOIIBIIX3 1USI8I PAIUBWINIOP Ui ualp|iyd 2 pue (80510 0T6o| g0z ueaw) uaipjiyd aainisodosss ajdii TT Jo dnolb paulgquiod 1oy siaui Boj ueaw ‘(sAep gz 10}) aWil JBAO SI03810Xd 8T WOJY S3R[OS|

Y
(sAep 8z 104) B} JBAO SI0)2J0X8 ZT W04 S31e|0S| ,

88_38 paysijgnd u1 abesane aaire|nWIND se pauodal Jou an_\
6/nyd 0T6o] u1 synsal umtogme

(47T 'd ‘6 91qeL 'GZ)«0'S<n 104 §'G PUB G- T',, 10} §'Y "b-T'E,, J0J G'€ 'SHNSBI .0'E>,, AU} 104 §'Z J0 S1M 0S@|D 0T6o| uesw Burwnsse ‘aBusjjeyd Jaise sAep GT-9 10) BIEp PaLHILAS WOy patewIns3;

(sAep gz 10}) BWI} JBAO SI01310XD £ WOJ) S3L|0S _u\

9T:T J0 sJa11 Apognue abusjjeyd-aid ynum s103819xa € adA) T pue z adAl g Se ||am se Japun pue :T sianl Apogiue abusjeys-aid yim uaipjiyd apnjoul m._osbxub

(sAep 8z 104) 81} 1BAO SI01BIOXD g WIO.) sajelosl,

10} PIOQ Ul UMOLS SUOREAILLI] 22111, ‘SIOGUIAS ORI 4o} T BjdeL 35,

sa1els Alunwiwi 03 swe Apnis Jo juawubisse ay) uo sj1eiap o) TV 9|qel mmmm
:S810N

(Ajannoadsal ‘g ‘z ‘1 adA1) snainorjod
=(£2'T)A\d ‘1001s J0 weih sad spun Buiwioy-anbeyd = B/nyd ‘snuinoijod anl] = AdT ‘UIRA snuiAoljod pajeAlndeUl = Ad] ([001S J0 Welh Jad $asop SnoIdagul 81njnd-anssiy 1o -1189 = 605D :SwAuoIOY

_ _ _ @nev (01) TAdOW ANdNYE Mo (zs)(€96T) UIGeS
wfphuy | end | ead | Ad
(evess Bumes Apn
(sare|ost aAnisody) Aunwwi paubisse ul gm:o_HS_E__ Ajjqissiwisuesy pms
palou asIMIBY0 ssajun B/95q 1D OTHo| ul SNJIA JO UoIleIIUsdU0D s103[gns #) abus|reyd a1qeoljddy SnJIno10d a1e1s Allunwiw| JUsdsy

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 74

Tebbens et al.

SI8M11 SNUIA UBal SAITR|NLWND JO ‘BLUIY JAAO SI8)1) UeaW ‘Uo11aloxa |eabuAreydolo jo
uolrelnp afiesane ‘sawr) UOII3[|09 UaWI9ads 1e0Jy} 310W IO g Je Salel uonaIoxa [eabuireydolo 1odal Jeyy z a|qeL WOy SAIPNIS JO 18sqNns 8y} Woly (T d|qel 89s) O pue ‘N Suolleliwi| Yim salpnis papn|oxa M,

:S310N

pauodal 10U = YN ‘8UI29eA SIIA0II0d [810 = AJO ‘SNUIAOI0d BAI| = AdT ‘BUIDOBA SNUIAOIOd pateAdRUl = Ad] :SWAUOIDY

Mo| AJap elep oN elep ON | suonoajul AdT T < pue 8sop Adl [nJssadons T
Mo 81eIdpoN 3JeJSPOIN | SIesspoIN Mo wnl (w2 '92)C SUONJRYUI AdT Z <
mo| Aip elep oN elep oN UonouUI AdT T
MO aJeIapoN 9JeIdpoIN | 8resspoN Mo w7 (v2'92)C $9S0P AdI [NJSS8IINS € 2
Mo| AJap elep oN elep ON $3S0P AdI |NJSSadaNs z
mo| AUan elep ON elJep ON 3s0p Adl [NJssa2ans T
Mo| AJap elep oN elep ON aunwiwi Ajjeusaleiy
MO ybiH 9)eIapON | sresspo Mo elep oN anT 81qndaasns Ajjn4
UoI1eIIUIU0D uoneing
apedb |jeasnQ | Aousisisuo) | Amend | souensiey | ubiseq BIEP U0Na10Xe [eabuAreydo.o buipiroad  (520591PMIS P3PNOU 81e1s Allunwiwi Juaday

Author Manuscript

'sa1pn1s abus|[eyas AdO wody Indino snuiA [eabuAieydolo ay) 10 93uapIAs a1 JO 3|qel Bulpelo

‘6 dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 75

Tebbens et al.

S)nsaJ pajiodas wouy

(6T°0) T€/9 ‘€Ad
(L20)92/L “2Nd

[95-T2] Ad1 pue AdI

dN pauIwlialap aq Jouue) (TT°0) 82/€ :TAd 10 A1o3s1y ajqissod yum aanisodolas [AdOM (1o7)(T96T) 24409
(00'T) v/¥ :€Nd
S)nsaJ pauodal wouy (62°0) 212 :ZN\d
4N paulwLIB)ep 8q Jouued (08'0) 5/7 :TAd | [96-TZ] v:T ueup ssa| s1a)} QY WNISS [AdOY (101)(T96T) 840D
58892~ ‘€Nd
,8T-TT~2Ad (¢8'0) €0T/¥8 :EAd
TT0 ~ TAd (£8'0) 98T/T9T :ZAd [6-G] Asoisiy AdT
7-G'€~ 2 ' (¢5°0) 9€T/TL TTAd alqeqoud pue Adl yum aamsodoss [AdO] (z1)(696T) UaZ8ID
(zst
d) .[6/°5Q12] ¢20T Uey) ss3 Jo e
UOIeUS2U0I B Je SNUIA 3|Buls oB85C~ EAd
40 8ouasaud ay} 1oe3ap A|sejnbal L8TTT ~2Ad (28'0) 06/7L ‘EAd
10U pIp Ajqeqo.d wasAs ay,, 9T-TT ~ TAd (98°0) L/9 :2Nd
30UIS 91RWIISAIAN0 SI9M] UBSIN -G’ ~ 2 . (88°0) 25/0S :TAd [6-G] ss8] 10 7T 40 S1811 QW WNISS [AdO1] zy)(696T) UsZaD
sannebauolas
Buowe uey) sayel UONBIOXS . . . . [6-G] A1o1s1y AdT pue
U1 asealoap pides sIoN no € P AN Q@o 0) ¥21/28 ‘TAd AdI Ylog Ajgeqoid ynm saisodolss [TAdOW] (6)(996T) Usza|D
Fia VL Qam.ov L8/15 “TAd [6-G] ssa] 10 g:T 40 SIgM Y WnIas [TAdoW] (5)(996T) usza|o
30UBJaIP JURIYIUBIS JO Yor| (59°0) 0Z/€T :€Nd
uanib AdO1 wioy pinbiy pue (5€°0) 02/1T :2Ad [s-v]
a|nsded 1o} pauIquiod s} nsay dN N (zv°0) 6T/8 :TAd AdI € 10 A101s1y ynum annisodolas [AdOY (ze1)(596T) oleag
80UBJaIP WRdLIUBIS JO Xoe| (62°0) ¥2/6T :€Ad
uanIb AdO} wioy pinbi| pue (28'0) T1/6 :2Ad [S-v] suun euoneusaul
a|nsded 10} paulquiod s} nsay N 4N (€8°0) £2/6T :TAd 90 UeY) SS8] S48111 gV WnJss [AdO] (ze1)(596T) oleag
Qam.ov YYIET €A 0 !
: : [v2-v8] Ad EAdOWITAOW
-G'€ ~ (266 "d) . Moys Ajannejal,, QANN 0) 9¥/0T “TAd Ajuo Jo A103S1y yim annisodotss (69)(G002) U100
(266
d) .sdnoib anneBauoias Qﬁwa.ov 6€/L :ENd
3y} u1 1ey) 01 pasedwod (T'0) 62/5 “TAd [¥S-6%] Ad11 81qissod [endowiTAadow]
7-6'¢ ~ | (sAep gz ‘wnwixew) uoys,, q ’ pue Adl 0 AI01S1Y Ym annisodosas (69)(G002) Mu1qqy
,9€-82 ~ €Nd QQSV EAd 0 _
T . . EAdOW:TAdOW
Y~ QHN vT~TAd QSw 0) €0T/€8 ‘TAd [¥2-%S] 8:T uey) s3] S48M1 QY WNISS awvﬁmoomv AuUIqqy
[6/95Q1D °6of] sAep ul uo1BIIXd
S19111 SNJIA 893} 1893} JO UoneInNp (uonaodoad) mw\_mm\A ur abuajreyd Jo [abuajreys]

S310N

uesw sAneInwND

abeaane ayewixoaddy

[P31S8] JaquuUNu/S101349Xa |BIaH

awin ye abe] Anunwiwi Bunsixa-aid

jas(4e2A) Joyne 15114

$193[qns pareuIddeA 1o paloajul Ajjealiolsiy Buolle uonaloxe [eaa) Ssasse 1eyl salpnis abuajjeyd AdO woiy sbuipul) Jo Arewwns

Author Manuscript

‘0T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 76

Tebbens et al.

AdO WBdJeAL] = AdO? ‘(A]aAndadsal ‘g ‘z ‘T adA1) snainoljod = (£°2°T)Ad au1a9eA sniiaoljod eio = AdO ‘pauiodal Jou = HN ‘Ajaandadsal
‘e2'T 8dA1 AdO 1usjeAOUOW = €2 TAJOW ‘sniinoljod aAl] = AdT ‘aulddeA sniinoljod pajeAlldeul = Ad| £|00ls Jo weib Jad sasop sno13oaul 81nyjna-anssi 4o -|182 = 60510 ‘Apognue = qy :SWAU0IOY

GT :€NAd (ez0) et/ "eNd
paulw.alep 0T :2Nd (0T°0) OT/T "2Nd [r1 <l AdT
80 Jouue) 0T ‘TAd (02'0) 0T/Z ‘TAd 40 Aioisiy ynm aanisodosss-1sal Hd (sor)(6S6T) PUILIAA
€~ENd 6 :EAd (ev0) ST/8 :eNd
€~ZNd 9T :ZNAd (££°0) 216 “2Nd [¥1-0] AdT
G'€~:Ad 2T :TAd (1£°0) 92/8 :TAd 10 A101S1Y YyIIm 3ARIS0d0.as-1$8) Hd Awocammd SPUILIBA
TT:ENd (00°T) T/T:€Ad
paulwIBIep 8 ZAd (52°0) ¥/T '2Nd
8@ Jouue) TTTAd (05°0) /2 “TAd [T <] aAnreBauoies-1s81 Hd (son)(BS6T) BPUILIAA
¥ ~eNd 9Z ‘eNd (96°0) SY/ey :eAd
G~ ZNAd 6T :ZAd (82°0) 9¢/82 '2Nd
¥~ 1IN 6T TAd (LL°0) 8€/62 'TAd [77-0] aniyebauoias-1sa) Hd (8om)(BS6T) dPUILIIA
abusyreyo zadow
pue eAdow Jaye dnolb [TAdow] (18)
afe sy Joy s10|dwodul sHNsaY N 82-€T ~ (T6°0)2TT/20T :TAd | [TT-50] #:T ueys ssof s1au gy Winias | (996T) 'W0dGNS "WPY/ 8UIDJEA
(v£0) ¥ET/SY :€Ad (S°0) [81-9T] Ad1 10/pUe
dN dN TST/89 :ZAd (0£°0) EET/EY ‘TAd AdI J0 Kioisiy yum aanisodolss [AdOH] (zo(926T) ynwis
(r2°0) T€/€2 :€Nd
(€6°0) ¥1/€T :2Ad T8T-9T] $S8] J0 Jw/sHun
N N (56°0) T2/0Z :TAd [eUOIeUIBIUI T'0 JO SIBMI QY LINIBS [AdO1] on)(926T) s
9T:T < S1al Qv YIm
s19a[gns wouy s]001s ul Ayuenb
0} MO| 00} ‘9T T-¥:T SieM}
gV YuMm s398[qns wouy S|oo3s [65-5'0] Ad1 pue AdI
GZ Ul T°Z SI8M11 UeaW 91118W099) TZ>:TAd G:TAd (55°0~) N :TAd 10 A1oisiy ajqissod yum aanisodolas [TAdoW] (y)(€96T) Lsbals
pauIquIod S}jnpe pue uaJp[iyd
anIyefau01as 10} SHNSBY '€~ Ad LT TAd (88°0) YN TAd [6G-6T] #:T uey ss3] S18) gy WNIaS [TAdoW] (y)(€96T) Lsbals
pauIquIod S}npe pue uaIpjiyd
anIfeBau0Ias J0) SINsay 7€ ~ TIAd 0€ :TAd (00T) ST/ST :TAd | [TT-5°0] #:T uey) sse| siemn gy winies [TAdoW] (y)(€96T) LabaIS
[e1-8] Ao1siy Ad
AN 12 TAd (68°0) 68/6L :TAd alqeqoud pue Adl Unm aamisodolas [T.LvHOI (o) (¥96T) OuEbed
dnoif Apnis auo ui syaam g
10} pamo| |0} s198lgns Jo 18sgns
uo paseq sajewnss uoneing N Ly TAd (26'0) 62/82 'TAd | [€7-8] OT:T UBY) SS3] S84} QY WINISS [T1wH2I (o7)(r96T) Ouebed
(8:T 1311 qv pey 108(qns) [oT-€] AdT
€z Aep uo arejosi annisod T dN woys | (97°0) 89/TT :pauIquiod €92 TAd Ajuo jo A1o1s1y yim sanisodolss [AdO (gor)(786T) O1USIN
T0T-€] AdO 0 Aioisiy
€2 Aep uo apejost ansod T N uoys | (T9°0) 82/LT :paUIGUIOD £79Z'TAd UMM $S8] 10 T JO SI8M QY WINJeS [AdOM (oo7)(786T) OIUSIN

SaI0N

[6/%5@10 ©60]]
S18111 SNJIA |ed3)
uesw sAleInwND

sAep Ul UoI1181IXd
|edsy Jo uonelnp
abeaane syewixoaddy

(uonuodoad)
pa1sal Jaquinu/sl01aloxa [edsd

m?mg ui abuajeyd jo
awn e abe] Anunwwi Bunsixa-aad

[abuajjeyo]
Jaa(4e3k) Joyne 1514

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 77

Tebbens et al.

UBaW WOJJ Papn|axa S|001s aAlehisu yum ‘abusjeyd Jsye , pue ¢ shep uo nyd 0T6Ho| uesw uo cwmmm_b

uonodoid Uo11BIIX8 BAIRINWND ‘B]qe|IeAR §I ‘0 uolliodoid uonaloxs Yead ayl 01 8Ale|al 905 Mojaq paddolp Bunaioxa uonodoid yarym Burnp feassiul wE_._.u
pouad Burjdwes Jano Bunsioxa uonodoid E:E_é_\,_Q
(s|1e39p 40} Z 9]qeL 98S) PaUIIBIBP q JOUUEI S31elS AJUnwill JaMOIIeU Sswe Apnis 1Sow 1oy asnedaq saxels Alunwiwl g ay uey) saliobared Japeoldq asn M,

:S310N

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 78

Tebbens et al.

Apnis BuLINp sUoIE|oSI AdM Jusnbaly ‘SaaulooeA
AJUO Ad] 213M $10}319X8 1SOW I ‘Slie

Nd1

[tTAdow

AdI pue AdO Jo} Ajaiesedas payiodal jou Buipuiq oN dN 108448 JuRdLIUBIS ON pue Adl yioq Ajqeqold 850p-MO|] (51)(Z66T) H0M
sljnpe pue ualpjiyo
(Jeajoun aduaIaIAIUI JO 103))9) BSOP J1ap|o Joy paounouoid
abuajeyd Aq pawiodal Jou elep ‘a1eis Aunwiwil SS3] ‘Ualp|Iyd Z/\d 104 10U INQ EAd Ad1 [ezAdOg ‘AdO}
Juadal,, e u1 Jou s1aalgns sapnjoul A|qeqoid N BunoA 10y 198448 Je3|D pue TAd 104 198448 Jea|D pue AdI yioq Ajqeqoid ‘TAdOW](07)(596T) UobBoy
ajels Alunwuwi N NAd1
.JUd2al,, B Ul J0U S193[gns sapnjaul Ajgeqold 10819 ON q 1099 Jed|D pue Adl yiog Ajgeqold [AdO1] (z)(696T) Usza|D
256:C Bl 1= sla abus|eyo-aid
QE.N P9 T-9T:T Jaybiy yum awn Jano
a1els Alunwiwi vzie @S Bunsioxa suorodoid Ad1
Juadal,, e ul Jou s1aalgns sapnjoul Ajqeqoid MAdade u1 au1oap Jadreys 108448 Jes|D pue Adl yioq Ajqeqoid [TAdOW] (6)(996T) Usza|D
(s1311 QW TA\d UBIpaW 1z, ‘pajaIoxa
LST/66) AdI@ 0} pasedwod (siam) qY TAd
UBIP3W 82 'PalaIdXd GGT/9TT) Adl [BUONIEL JO [TAdoul]
Sjua1d1oa4 Buowe 82UaIaIP PAAISSUO UO paseq dN dN B1s Ing |ews Ad1 Ajqissod pue Ad| 9/(0T0Z) pawweyoN
VAR
Ajqissod pue sunwiwi [€ 10 ‘Z'TAdOW]
4N 109149 JURdIIUBIS ON 108149 JuRdLIUBIS ON Ajleussiew 1o Adl (61)(L96T) Ho1uBN-ysshuag
[endow]
Yeam KIapn 19849 |[eWS N AdI Ajuo Ajgeqoid (60)(666T) UdUIRII]
sabus|eyo asop-ybiy Jueaiiubis
pue mo| Buimoj|o} S1NSaJ UOIIaIIXa Sapnjou| 4N 10849 ON 10U Ing PaAIBSqO 1083 Ad1 Aluo Ajgegoid | [TAdOW] (5z)(T66T) O1eI0UO
1815000 Y)IM UaIp|IYd
01 paJedwod Ja1s00q
ainsodxa Ad 10} Anunuoddo aiow pey INOYIM UaIp|1Yd Buowe asop asop abuajeyd ybiy 1e Jou

sny} pue (Syluow 9 ‘sA 9T) INOYIIM 3soy) uey abe
191e] T8 pabua|jeyd a1am 191s00q YNM UBIP|IYD

juanbauly atow Apybis
uonaIaXa Jau-ybiH

abuaj|eyd 40 108449
Ag papunoyuo 19843

g asop abua|jeyd moj Je
SI8)1) PAIS00Q JO 193443 SWIOS

AdI Ajuo Ajgeqgoid

[TAdow] (c)(996T) AiusH

paliodal 10U UOIBIIXS pue SIaM] qy
U3amIaq uoire|a1od 10a11p ‘(3xa) 8ss) sdnolb asop

[AdOM (z9)(2002)

AdI € PUE Z US3MIaG 30UBIBHIP JO YIe| U0 paseg 199443 ON N 108449 ON Adl Aluo dno1o Apms Adl egnd
uN gN 10849 JUBIIIUBIS ON qV [eussrew Ajqeqoid [AdOH (55)(766T) Aeswey
abuajeyos AdO1 Ul adualagiaiul ¢/\d Jojlouing EAd
1O SYINsaJ 8q PIN02 198148 d13193ds-adA) panIasqo N 1N pue TAd J0] 109148 BWOS qV [eusie|y [AdOM(og)(986T) Buoa
$808} Ul Pa1aIoxd UoI18I0Xd U011310X3
SNUIA JO UOITRIIUOU0D) [eda} Jo uoneang [e2a) yum uonodoad
[abuajreys]

S310N

o $18111 APOgIIue WNJss J0 108443

mb_c:EE_ Bunsixa-aid

jas(4e2A) Joyne 15114

uoI219Xa pue Sl Apognue wnJas usamiaq diysuolielal ssaippe reyl saipns abusjeyd AdO wouy sbulpuly jo Arewwng

Author Manuscript

“TT alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 79

Tebbens et al.

18111 qy 8bus|jeyd-aid Aq ‘(6/0Sq1D 0THoj| ut) uawidads |001s aAisod cmm_\,_u

uonBWISS UoIRIND S10ajye aBus|[eyd AdO? Ul 90UBIBLIBIUI 8snedaq aqedljdde 10N

q

(s|1e1ap 10} Z 3]qeL 99S) PaUILIZISP 8 JOUUERD JO U984, J0U 31els AHUNWIWI swe APNis aWOS 10y asneaaq sarels Alunwiwi g ayy eyl salioBaled Jualagp asn m,

:S310N

AdO WB[eALl = AdO? ‘(AlaAndadsal ‘g ‘z ‘T adA3) snuinorjod = (£°2°T)Ad au199eA sniiaoljod [e1o = AdO ‘paniodal Jou = YN ‘djqeatjdde 1ou = N AjaAnoadsal

'e'2'T 8dA1l AJO 1WBRAOUOW = §'Z TAJOW ‘SniIAo1jod BAI| = AdT ‘BUIDIRA SNIIAOII0 PBIeAIIOBUI = Ad] |001S JO WelB 1ad SasOp SNOMYa)UI 31MNd-anssh o -|189 = 6/0SQ|D ‘Apognue = qy :SWAU0IdY

sdiysuore|al ueaiiubls ysijqeiss oy
|leWs 00} 3z1S a|des :payeuIdoeAUN 3IAM SIBUI0

s1em

[€ 10 ‘Z'TAdOW]

‘AdI Joud z pey s108lgns aAnisodolss 86 40 ¢ 10943 Je3|d ON 10343 Jea|d oN yb1y A1an 1e 108448 awos Ad1AlUO (gor)(BS6T) BPUILIBA
JuedIubIs
N 19810 ON 10U INQ PAAJSSYO 19943 AdTAUO | [TAdOW] (o) (T66T) O1eI0UO
dN 19810 ON uN Ad1AlUO [TAdow] (¢7)(996T) A1usH
$10a[gNs pareu1ddeA-Ad| pue paleulddeA-AdO Ad1 Algeqoud pue
SaUIIOD UOI1BIIXa pue SIall) qy diysuole|oy 4N N 10948 Je3|D AdI 10 ‘Ad1 Ajuo Jayn3a [ADON] (zor)(926T) yHws
SEIN
abuajeya-aid ybiy yum syoalgns Buowe pue gAd Z/\d 104 10U INg ‘EAd pue
pue TAd 104 AJuo paninado gz Aep uo UuonaIIX3 N N TAd 40} 10848 JuedIIUBIS Ad1 pue Adl ylog [AdO1] (5)(8002) ZLEMS
4N dN 108149 JURdIIUBIS ON Ad pue Adl ylog [Ado1] (, H(T00Z) N1
Nd1
108449 Jes|D 108449 Jed|D 10948 Jes|D pue Adl yioq Ajqeqoid [TAdow] (1)(€96T) Labals
$103a10xa Buowe uonelnp Nd1
ueaw pue JaM} gy usamiaq diysuolie|al sapinoid N JRETTENLETRSEN 103)J9 Ies|D pue Adl yioq Ajqeqold [T1wHO] (o1)(#96T) ouebed
$903) Ul Palaloxa uo113.19%a UO0I1949%3

S310N

SNJIA JO UOITEIIUBdU0D)

[eday Jo uoneang

1298} Yy1m uonodoad

U0 $19113 APOgIIUE WNJSS J0 108443

mb_c:EE_ Bunsixs-aid

[abuajjeyo]
Jaa(4€3K) Joyne 1514

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 80

Tebbens et al.

11 d ,md..m%o_m aU1 JO AUB Ul UOI810X8 SNIIA UO 108448 OU pey AJJes|o UOIeUIoRA X|es Jolid,, 1ey) palou pue s108lgns pa1euldoeA-Ad| PUe pateulddeAun Joj SNsal paulquiod Sioyine ay |

q

(S|1e19p 10} TV PUB Z S8|gBL 93S) PauILLIalep 8 10UUED IO JU3dal,, 10U 81els Alunuul swie Apnis swos 10y 8snesaq salels AJunwiwi g sy uey saiiofered Jusiayip asn M,

= YN ‘(A]annoadsal ‘g'z'T adA3) au1aden sniiaoljod Jeio Jusjerouow = (£°2 T)AdOW ‘sniinotjod anl] = Ad ‘8UId9eA sniIAo1jod paleAlldeul = Ad] ‘SBSOP SNO1IYajul 81N3NJ-anssiy Jo -[189 = 0SQ|D :SWAU0IIY

‘S9JON

(Ajannoadsal ‘¢ ‘g ‘T adA1) snuinoijod = (£2°T)Ad paliodal Jou

S)npe pue usp|iyo

(6€'0) 82/TT | (62°0) ¥E/OT | (82°0) 9€/0T anI}1S0d0.3s-)s8) Hd d1dAjowoy pajeutadeaun
sIeak T-0 pabe uaip|iyo
S[eAIS)UI X99M-€ Je Z UaY) € Uay} ‘TAJOW Paj uaIp|Iyd (96) sv/ey | (8L0)9e/8z | (LL°0) 8e/6T anI1ef3U019s-1s3) Hd d1dAloLuioy pajeuroderun (son)(6S6T) BPUIIAA
uaip|iyod Japjo Buowre
S91RJ UOII2JIIXd JOMO] TeYMBWIOS ‘Aep UO1RIIXa Yead uo Buraloxs abe Jo sieak Z uey) (19)(996T) "woogns
suorodold s|eAlslul Y9am- e g Uau € Usy} ‘TAJOW paj uaipjiyd | (28'0) 2oz/e8 | (25°0) L9/5€ | (26°0) €0T/G6 |  Ssal (b:T eus ssa] siapy) uaIp|Iyd dAjeBauolss a|diL "WPY 8UI99BA
(TvalgeLdss)asop [ (720-) N | (92°0~) &N (£9°0~) &N 850p AdOW Joud T Jo spusidiosy
1541J 0} puodsai J0u pip s198lgns Auew ‘abuajeya Jaije sAep / 1@
Sa]el UOII2IOXa ‘WLIe Yora Ul PajeulddeA uslp|iyd GoT Ajerewixoiddy #T°0~) ¥N (€T°0~) YN (tz’0~) uN yuiq 1e pabuaj[eyd uap|Iyd pareulddeAun (65)(0T0Z) Janns
(z8°0) 8e/te | (¥6°0) LT/9T | (€8°0) TTT/26 S)UBJUI PateUIdIBAUN A|SNOIABI (er)(096T) upiold
Alonnoadsal
‘EAdOW pue ‘ZAdOW ‘TAdOW 40 %5q10 Bo| T°2-9°¢ pue ‘T'.-T'S uonoajul Ad4o1d ou A1) pue abus||eyd a104aq
‘e'/-9'€ woly Buibues sasop abua|eyd snoLeA WOy S} nsal sapnjou| (1) 81/8T (1) 9t/9T (98°0) TZ/8T sIeak Z-T $8S0p Adl € UM sieak g-z pabe usippiyd | (v o) (6S6T) PUBIRD
/\d| OU pue uonadsjul Ad Joud pey seaisodolss 1ISON (T) 21/2T (29°0) 6/9 (T) €T/ET abe Jo s1eak € > ualp|Iyd aAINS0douss 158)-Hd
(1) czriee | (06°0) 0T/6 (1) eeree abe 4o sieah € > ualp|1yo an1eBaU0ISS 159)-Hd 8)(096T) Aopsoid
abe Jo syluow gT-/ Ualp|iyo ul adA1048s Yoea JO Sajel UoIaIdxa Q>n= (61)(L96T)
JaMO] Jeymawos ‘Aep uoinaioxa yead uo Bunaloxs suonodoid (52°0) 9g/22 | (88°0) 95/6¥ (€2°0) ¥9/.v Joud Inoynm Jo yum abe Jo syluow 9 o3 dn ualpjiyd MOIUIBIN-YsaAuag
ainsodxa Ad1 ajqissod
(8T°0) 6€/L (LT0) 62/S pue UOIRUIDIBA Ad] OLIOISIY 0} NP 3A1IS0d0IdS
(0€°0) v/ET (zz'0) 9vi0T ainsodxa Ad 91031y 0} anp aAIIS0dods
ainsodxa Ad1
Aep uonaloxa yead uo Bunaioxa suonlodoid | (S2°0) STT/98 (18°0) £0T/E8 2103S1Y 3]q1ssod Yum g:T uey Ssa| I8} qy Wnias awvﬁmoomv AuIqqv
ENd ¢N\d TAd
Apunwiwi Bunsixe-aid (s asre0h
S9J0N (uonuodoad) palss) |©103/S101819X8 B3 e s Joyine isai) Apms

Author Manuscript

sa1pn1s abuajjeys AdO wody adAoass Ag A11j1gndaosns a1njosge uo elep ajqejieny

‘¢l 3l1qel

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 February 20.

Risk Anal. Author manuscript



Page 81

Tebbens et al.

850p Adl Joud T Ajuo yum pjiys (¥1-0 [sadfy
sapnjoul ‘1xe1q -0 Ul udIp[Iyd € AlUo 62T~ N 280 (26'0) ¥1/8 | sabe) AdI Joud aiow to g I 'w'SNJ (7)(8S6T) A1UAM
[sadAy
195910 -0 U UBIPIY 6 AJUO 82~ UN T (02°0) €2/9T | (#1-0 sabe) pajeuroseAun 112 "wSN] (g7)(86T) @YUM
(0z'0)
$0E/T9 :SUOISIAAUDI0IS
(€00) [sadAy jje
sansodolss uN dN vZ'0> G0Z// :|001S aAINSOd |  Suonoajul AdT 840w 1o T ‘eueIsino] (gr)(2G6T) pueseD
(¥8°0) v8/0Y T
:SUOISIaNAU02043S (£6°0) UBY) SS8] SIa}} q WNJas [sadAy |
laquinN dN dN T~ €2T/STT :1003s 8AIISOd | ynm Burjqis 4apjo o ynpy "eUeISINOTT] (orr)(LG6T) PUBYED
“(Rep
T uonelnp “a°1) 1001s ansod T Ajuo
UM (%EE) 0TT/9E sapnjoul ‘anipeBau
151} pue aAnisod 1se] pue aAinsod 1Sy
pue aAiehau 1se] usamiaq yoes sAep /z ¥8°0) (uoneinp
10 aBeJane apn|oul J0U SAOP ‘SUORIBJUL G2/T2 :SUOISIOAUDI0IS 10} SUONJBJUI Xapul
xapul 0TT Buowe j001s annisod (58°0) ‘pajoayul uonodold Joy [sadAa [1e
15| pUE 1S11j UsamIaq aw abelany dN 2 T 02/LT :1001S 8AIISOd | S19BIU0D) 81qndaasns Ajin4 ‘eueIsINoT] (grp)(2G6T) PUBYED
paulwIaep
PauIquIod Adl INOYUM Alge1ja1 61°0 [sedky
10 yum saunwiui Ajjenyeu 1oy sisiiL a(02) g€ ag jouued q (21°0) 5971/82 AdTPue Adl | I1e "BueIsINOT] (4)(6S6T) PUBIED
paulwIaep
pauIqUIOd AdI INOYIM Alqerjas vZ'0 [sadAy
10 UMM Saunuiwi Ajjesneu 1oy 13l L 2(02) g€ aq J0UUBD q (Tz'0) 62g/0L | suonosyur AdTasow 10T | I8 ‘BUBISINOT] (o) (6S6T) PUBYED
U0I1393]]09 UaWI19ads Juanbauy paulwaep
alow Apybijsyum Adl z 1oy ueyy Algenjal 660 [sadAy
J3110US JeyMBLIOS uoleInp panlssqo o(LT) L'y aq Jouue) q (68°0) 6T/LT S3SOP AdI [nysseoons € = | 118 ‘eu.IsINo] (oq)(6S6T) PUBIED
UOI1193]]09 UaWI9ads Juanbauy paulwaep
alow Ing ‘sajqndaasns Ajjny 104 ueyy Algenjal 960 [sadAy
J1910YS JeYMBLUIOS UolIeINp PaAIasqO 2(58) 6'7 8Q Jouue) q (98°0) TTT/96 S9S0P AdI [NJSSaINs g Ile ‘eueisino] seﬁmmmd puejpo
(Apnis siy1 ut sdnouf
|e 01 saijdde ‘Bunaioxa suonodoid
J1aybi1y spremo) seiq) uonIuLap paulwaep
AQ pajoajul SI oYM ‘UoIIdBJUI Xapul ayd Algenjal [sadAy
apn|oul $19€1U0D pasodxa,, JO JaquinN 2(ITT) 2'F 3 J0UuURD T (06°0) 20€/EL2 a|qndaosns Ajin4 | 11e ‘eurIsINoT] (og)(6S6T) PUBLRD
(sarejos!
anIsod#)
[6/°%a10 skep ul

S310N

0160|] s4a11
SNJIA [229) Ueaw
aAlRINWND

U0138.19X3 823}
JO uoneanp
abelany

Ajgndaasns
anlle|sy

(uonuodoad)
pasodxa Jaquinu
/pa123jul JaquinN

mbE:EE_ Bunsixa-aid

[(s)adAr0.8s
‘uo11eao|] 5, (aesh) Joyne 1s114

Author Manuscript

‘€T 3l1qelL

Author Manuscript

Author Manuscript

UOI1319Xa SNJIA0I[Od pIIM UO SaIpnIs Palaa]as wiol) sbulpuly Jo Arewwng

Author Manuscript

available in PMC 2021 February 20.

Risk Anal. Author manuscript



Page 82

Tebbens et al.

$101810X® WO1J USRS 8AINSOd 1SI1y 1oy SIal IR
UO01ONPOAUL Ad] ‘8L UOIIR|OSI SNIA UO 810W Ppue ‘81048q AB0J0I8S U0 810W Pal|al UONIaJUI JO UONI8)8P :suostiedwod uw__o:coocnq
(s[1e1ap 10} TV pUe Z 3]qeL 99S) PauIWIaIap 8 JoUUR J0 ,JUadal,, 10U 3els AHunwiwl stwe Apnis aWos Joj asnedaq sarels Alunwwi g ayy ueyy salioBales Jualalp asn M,

‘S9JON

SIOA MBN = AN ‘paniodal 1ou = YN ‘sniiaoljod aal| = AdT ‘UIDBA sniIAOLj0d pateAldeUL = Ad] $]003S JO Welf Jad Sasop sNo1oajuI 8INYN2-anssiy 10 -1199 = 670510 :SWAU0IdY

[sadfy
290 (87°0) T2/0T | S8S0pP AdI Jold aiow 10 g I1e ‘a1e1s AN] (g1)(T96T) 24U
[sadAy
AdI Joud T ynm swos sapnjoul T (£2°0) €T/0T (6-0 sabe) pareurooeaun 1e ‘a1e1s ANJ (g5)(T96T) d1UIM
(sayejos1
aAIIsody)
[6/%%a10 skep ul
0T60j] s4a11n UOI13.19X3 |23} (uonuodoud) [(5)0dK
IA [e23) Ueaw Jo uoneanp Apgndaosns pasodxa Jaquinu ~ s)adAj048s
S9JON aAleR|INWND abesany EIBETENS| /P8123jul JaquinN mb_::EE_ Bunsixe-aid .co_umoo_uﬁcmm\o Joyine 1sii4

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 83

Tebbens et al.

1081102 350[9 ‘AdO

170 Ly S | (sedAyqpe) sunpy -
Zvo 6. ge | (sadAyre) uaipyo -
120 18 vT | (sabere) end -
“3'1) PIIYO XOpUI 34} O JIBIUOD ISI1y B JO UOII3JUI J3J8 PaLINIa0 m_mw_hwwwwmn_um%%o_ﬂmr Dlassed 82°0 6¢ 8 | (sebe|pe) ZAd -
0T ‘Ad1 Ynm abuaj[eyd Juanbasgns 10 19eIU0D Jalye UOIIBIIXS JO 8UaPIA3 Aq paulyap a|qndadsns Ge'o o o1 | (sabe ) TAd -
‘paleuIdBA-Ad] Sem Ajiofew ay) pue siaquiaw Aj1Le) a1am S1IBIUOD J3YE UOLIBIIXa JO 9UBPINS
Aq paunyap ajqndadsns (pajeulddeA-Ad| sem Aliolew syl pue siaquus AjiLie) 819m S1oeIU0D ARas1ar MaN ‘(gr)(0096T) UBfIold
19BJUOI 3SO|I ‘SuleJ}s )epIpued AdO
190 9e 2z | S3S 48ybiH -
SL'0 114 9€ | S3S JemoT -
S10BU09 A1Wey 8]q1Idadsns JO UOISIBAU0I0ISS UO paseg sadAy |1e ‘X1usoud ‘(p1)(L96T) UOSIES|
€80 9 0g | (sreahk y-0) Adl -
S6'0 TC 0z | (sieah y-0) AdI ON -
8.0 8T vT | (enebauoiss) sieak y1-G -
680 6T 1T | (ennebauoias) siesh -0 -
TAd ‘PUBIS] 3pOUY ‘(5)(¢96T) suLteN
26'0 8vT 9eT | PadAiou ‘euelsinoT ‘(grr)(LS6T) PUBYIED
S9°0 T8 €€ | CT®TINd
(965G AJUO UOI1B|OSI SNIIA) QY WNJSS Ul 8SB8IUl PJOJ-0T UO paseq Spunoq Jamo] 13183400y pue alownled ‘() (¥S6T) Uelpog
80 74 T2 | sabe v -
00T vT €T | sreahky-0-
annisodolas-gAd 1ou -TAd 1ayau e paulyap S19e1U0d pjoyasnoy ajqndaisns 29TAd ‘BUBISINOT ‘(1) (SGET) Wreud
10B1U0I 3S0]9 ‘AdM
$19BJU0D pajoayul
ajed sjoene a|qndaosns s10equ00 | SITe19p pue Apms
AJepuoodas pawnsaud a1qndaosns
S3J0N parewns3 J0 JaquinN pawinsaid 19e3U09 Jo adA} ‘snaIA

‘(UwN|09 18| UI PalOU)

Ad 0U 10 3| pue Ad] 40 A101SIY B YlIM S1OBIUO0D IO S10BIU0D 3]qndadsns OT 40 wnwiuiw e Buowre pealds 10€1u00 BuLINseaw SaIpnis WoJj s)nsal pa1os|as

‘w1 31qeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



Page 84

Tebbens et al.

SUOI234UI Xapul AdOW AJuo sapnjaul ‘AdO
0U ING AdI PBY SI0IUOD [BIjILIBJRAIXD ‘S31ES LONIRIIX3 AIRINWIND Uy} Jayiel yead uo paseg

U0ISNOH ' (g7)(L96T) YIUIBIN-YsaAuag

1081U02 AIUNWWO0D ‘AdO

70 08 Ge | (sadAiosss |[e) AsesinN -
8T°0 GST 82 | (sedAyouas |le) Ajies -
6T°0 2L vT | (Asssinu o Ajiwrey) end -
920 ] 2e | (Aussinu o Ajiwey) ZAd -
Jesjoun S€0 8. 12 | (Aissinu Jo Ajiwey) TAd -
Jun Jad suondayul Xapui Jo abejusdlad pue Jaquunu ‘Sejes UOIBIIXS SAITR|NWIND UeY) Jayrel yead eUeder ‘(1) (996T) "WLIOGNS “UILIPY BUIOJBA
uo paseq ‘(19e3u02 Jad suomaajul xapul adinw “'a°1) UaIp[IyYd 9%05-0E 0 UoleulddeA Buimol|oy
SY93M GT Ul SaWOY S, UaJp[1yd Ul S10e1U0 (940/) aA1rehauolas Ajisow ‘pareulddeaun o} pealds €0 0L > UN | end-
080 0L > 4N | ¢Ad -
€90 0L > 4N | TAd -
Bangsianed 1S ‘(z11)(6S6T) ASSIIIPOIOWS -
(10e3U09 Jad suo11ajul Xapul ajdijnw “'8°1) UsJp[IYd
26 40 T/ BurjeuidgeA Jo 3nsal e se sawoy s,Ualp|1yd ul SaAlefauolas ‘pareutadeaun o) pealds €50 ST 8| end-
G980 €T TT | ¢Ad -
o LT L | TAd-
MOISOIN ‘(5e7)(096T) ©ABJ0IO
SJ0BIUOD [RUOIINIISUI PBYRUIdIBA-AC] 260 €T 2T | TAd nondsuuod ‘(,)(656T) uueUISIOH
150 68 Gy | (sedAiolas |le) S3S Jamo -
800 €9 G | (sedAyosss |re) S3S Jaddn -
(..21qndaosns-eineu,,) sJeak  1sed Ul SUOIO3)UI
Ad70U1Ing $850p Adl € 0 AI0lSIy pey s10e1U00 Ajiwey 81g1dsosns pue sUoRosul Xapul Sv'0 95 Gz | (S3s 1) end -
€0 17 vT | (S3S 1) 2Ad -
220 15 1T | (S3S1Ie) TAd -
Ly ,wvwnmmm.ﬁv puejpo
00T 01 0T | TAd "e1uois3 ‘(,g)(T96T) Aopsoid
€0 GE ¢l | ENd-
¥9'0 9€ €C | ¢N\d-
papn|oxa SUORJ3JUI Xapul AdO} 0} Sa1el doele (Uuonosjul 190 ve ot | TAd-
Ad1 snoinsid Jo Anjigqeqoud aziwiuiw 03 abe Jo sIeak € > S19ejU0d 0} PaJILIISal SIaquInu
‘AdO 0U INg AdI Pey S19eju0d Ajiwey ‘a1el UOIBIIXa SAIIRINWND Uey) Jayles yead uo paseg UOISNOH “(47)(296T) XOIUI3IN-YsaAuag
S10B3U02 pa12ajul
ajed sjoene a|qndaosns speuoo | SITeIsP pue Apms
Arepuoodas pawnsaud a1qndaosns
S310N palewnsy 10 JaquInN pawnsald 1981109 J0 3dA ‘snaip

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 February 20.

Risk Anal. Author manuscript



Page 85

Tebbens et al.

-0190S = S35 ‘(AjpAndadsal ‘g ‘g ‘T adAy) snui

3UI1998A SNUIAOI[Od [210 JUBJBALIY = AJO} ‘SNJBIS 1WOU09D

110d = (£°2'T)Ad ‘auragea sniinoljod [e10 = AJO ‘paniodal Jou = YN ‘snuinoljod aAl] = AdT ‘aU199eA sniiaoljod paleAiioeul = Ad] ‘Apogiue = qy SWAU0IOY

620 474 ¢l | €Nd-
€00 €9 ¢ | ¢Nd-
850 90T 79 | TAd-
paLiels UoleuIdIeA 81043q ‘AjlaAioadsal
‘c pue ‘2'TAd JoJ aAneBauoJas s198lgns J0 9 £°8 ‘6'ST ‘€'82 AdO) PaAISDaI Sasnoy ajeulsl|y ©IIY IS0 ‘(¢y7)(V96T) BI2IED-RI0Y
SPIOYasnoy S3S JaMO| Ul UaIpjiyd xapul pabusjeyd-Ado yum pakeld pey oym
$19B1U0J PJoyasnoy-esixa (AdT ou pue Adl € yum “a'1) ,81qndaosns-feinyeu,, Buowe suonoayu| ee0 8T 9 | £9TAdBUBISNOT ‘(1) (6S6T) PUBLIID
020 10T 0C | €Ad-
LT°0 69 ¢l | ¢Nd-
200 9eT 9| TAd-
S10B1U09 [SEIRETTN]]
ajed sjoene a|qndaosns s10equ00 | SITe19p pue Apms
Arepuoodas pawnsaud a1qndaosns
S910N parewns3 10 JaquInN pawinsald 19€1U09 J0 adA) ‘snaIn

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Risk Anal. Author manuscript; available in PMC 2021 February 20.



	Abstract
	INTRODUCTION
	BACKGROUND AND METHODS
	Scope of the review
	Determination of immunity states
	Literature included and grading

	RESULTS
	Susceptibility to poliovirus excretion
	Definitions and criteria
	Fully susceptibles and maternally immunes
	1 successful IPV, 2 successful IPV, and 3 or more successful IPV
	1 LPV infection, 2 or more LPV infections, IPV and LPV

	Duration of fecal excretion over time
	Definitions and criteria
	Probability of fecal excretion over time
	Average time until the last positive stool specimen

	Concentration of virus excreted in feces
	Definitions and criteria for concentrations of virus in feces
	Fecal virus titers over time
	Cumulative mean fecal virus titers

	Duration and concentration of oropharyngeal excretion
	Waning of host immunity to poliovirus transmission
	Antibody kinetics
	OPV challenge studies involving subjects with partially waned immunity to poliovirus transmission

	Factors affecting susceptibility, excretion, and transmission
	Effect of serum antibody titers and multiple infections or successful vaccinations on excretion pattern
	Serotype differences in excretion patterns
	Effect of challenge dose on excretion pattern
	Anamnestic response
	Cut-off level of infectiousness
	Relationship between concentration of virus excreted and infectiousness to others
	Relative contribution of fecal-oral versus oropharyngeal transmission in different settings
	Effect of strain differences on excretion and transmission
	Transmissibility of OPV vs. WPV


	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Table 1.
	Table 2:
	Table 3.
	Table 4:
	Table 5.
	Table 6:
	Table 7.
	Table 8:
	Table 9.
	Table 10.
	Table 11.
	Table 12:
	Table 13:
	Table 14:

